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ABSTRACT 

The primary molecules produced in the vaporization of the group 
III A metals and their solid sesquioxides are the suboxide species M^O. 
However, other metal -oxides , such as MO, MO, and in specific in- 
stances MOg and M^O^, have also been shovm to exist in minor concen- 
trations. Very little structural data is available for these oxides 
since most investigations have been limited by the great preponderance 
of the suboxide molecule in the vapor phase. This latter species has 
been studied over the past ten years with only a moderate degree of 
success. 

Infrared analyses of the suboxides have been contradictory. 

The asymmetric stretching mode had been observed by both gas phase 
and matrix isolation spectroscopy. However, it was not until 1971 
that the v-^ symmetric stretching mode for Tl^O was detected. Later 
the same year both the stretching and bending modes for all the 
suboxides were reported. Unfortunately, the results of the two inves- 
tigations were not in agreement other than to indicate that the pre- 
vious assignments were correct and that the suboxides possess C ^ 
symmetry. 

The experiments and analyses described in this dissertation 
were undertaken to measure the infrared frequencies of metal-oxygen 
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species which could be formed in the matrix and to investigate with 
an oxygen -18 enrichment study the controversy on the vibrational as- 
signments for the suboxide. In the course of this research several 
new molecules , A1 3 0 2 , Ga^O, In^O, InTaO^, and In^WO^, 

were found by mass spectrometric sampling to exist in extremely minor 
concentrations in the vapor phase. The latter three species were 
formed by reaction with the crucible materials and were unimportant 
for an infrared analysis. 

The infrared spectroscopic measurements were obtained by the 
matrix isolation technique of molecular beam sampling. In the first 
set of experiments, the MO^ species were formed by direct reaction be- 
tween metal and 0 2 in the matrix. A C 2v structure and an O-M-O bond 
angle near Uo° was favored for these molecules by analogy with a simi- 
lar investigation of the alkali metals. The following vibra- 
tional frequencies were determined: v 1 = lllo.O cnf 1 (AlOg); 

= i088.lt cm -1 ; v 2 = 383.3 cm -1 (GaOg); v ± = 1082.3 cm -1 ; 

V 2 - 332.2 cm - -* - ; = lt56.lt cm -1 (inOg); Vp = 1082.1 cm 

v 2 = 295.9 cm -1 ; v 3 = It 32. 9 cm -1 (TIOg). 

The second set of experiments with oxygen -18 enriched samples 

definitely proved that the previous suboxide assignments were cor- 
rect for AlgO, Ga^O, In^O, and InGaO. However, the reported vp and V2 
modes for these same species were established to belong instead to the 
M^Op dimer. Force constants were calculated from a model based upon a 
slightly skewed octahedral complex with C 2 ^ symmetry. 
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CHAPTER 1 


INTRODUCTION 

Many interesting molecules are formed in vaporization processes 
at high temperatures. The existence of such molecules has usually 
been confirmed by mass spectrometry, but this gives no structural in- 
formation. Therefore, other types of studies are necessary to obtain 
these important data. Although there are several possibilities, most 
are limited by the severe thermal conditions required to obtain a 
sufficient concentration of molecules. 

Infrared spectroscopy is one useful method which has been ap- 
plied to high temperature investigations. Originally, measurements 
of the heated vapors were taken directly. 1-3 This had the advantage 
that both emission and absorption experiments could be performed on 
vapors at equilibrium. Unfortunately, there were often problems in 
the interpretation of the spectra. Absorptions were broadened by 
vibration- rotation interactions or even obscured by background radia- 
tion, and in some experiments molecular interactions were found. 
Molecules often condensed on parts of the optical system. Furthermore, 
only equilibrium systems could be studied. However, with the develop- 
ment of matrix isolation spectroscopy 14-6 most of these problems were 
circumvented, so that infrared studies of high temperature species be- 
came experimentally feasible. This dissertation is concerned with the 
application of infrared spectroscopy, using the matrix isolation tech- 
nique, to the study of several oxides of the group III A metals: 
aluminum, gallium, indium, and thallium. 
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In previous investigations 7-1 3 reported for these molecules, 
it has been found that several oxide species exist in the vapors from 
a heated mixture of metal and metal sesquioxide. However, the sub- 
oxide molecule M^O has been shown to be the major component of the 
vapor. Several attempts 1 4-1 8 have been made to determine the funda- 
mental frequencies of these molecules. In a recent study 13 ’ 19 carried 
out in this laboratory, frequencies assigned to the bending mode 
for all the suboxides were reported for the first time along with new 
data for the symmetric stretching frequencies 'v^. The bending fre- 
quency was found to occur at a much higher energy than that predicted ., 15 
suggesting a possible ring structure with appreciable metal-metal 
bonding. Also a new molecule, InGaO, was found and studied. 

_ The present study involves three types of experiments which 
were undertaken to provide additional and important information on 
these molecules. First, a careful mass spectrometric investigation 
was undertaken to determine all species which might exist in the va- 
por phase above a heated sample of metal and metal sesquioxide. This 
was carried out to check if any reported suboxide absorptions could 
possibly belong to other species. The previous experiments had not 
examined the possible existence of high molecular weight molecules 
such as dimer species. Several new molecules in extremely low con- 
centrations are reported here. Secondly, experiments- were carried 
out to produce molecules by direct reaction of species in the matrix. 
These experiments were based on methods recently described by An- 
drews 20-23 for producing unusual alkali metal oxides. The present 
reaction experiments were performed to check whether modes previously 
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assigned to those of the suboxides might instead be due to other kinds 
of molecules produced by diffusion and reaction. For the third set of 
experiments xo 0 enrichment studies were carried out to provide infor- 
mation for more conclusive assignments of frequencies. These various 
experiments provide the basis for a reassignment of previously reported 
frequencies and additional nev information on the structures of the 


group III A metal oxides . 
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CHAPTER 2 

BACKGROUND INFORMATION 


2.1 Geometry and Spectroscopic Data of the Suboxides 

The MO species, as triatomic molecules, must have CM , D , , 

2 2v °°h 

C , or C symmetry. Linevsky et_ ad. 15 first demonstrated that the 
two antisymmetric configurations, C g and C rov , for AlgO could be ruled 
out on thermochemical grounds. The dissociation energies indicated 
that an un symmetrical A1-A1-0 molecule vculd require a large distor- 
tion in the Al-0 and Al-Al bond energies to account for the Al^O ex- 
perimental dissociation energy. Recently, Makowiecki 13 reported not 
only similar results for gallium and indium suboxides but also that 
the best agreement was obtained when a ring structure was postulated 
involving C 2v symmetry and metal-metal bonding. 

An early electron diffraction study by Rambidi and Tolmachev 24 
of gaseous Ga^O and In^O indicated that these molecules were of C 2v 
geometry with apex angles of lUo and 150 ± 10°, respectively. How- 
ever, in a later report Rambidi and Ezhov 25 reevaluated the previous 
data to investigate the possibility of the bending mode lying below 
200 cm~^, as had been indicated from the spectroscopic report of Li- 
nevsky et_ al . 1 5 They then concluded that the molecules had a linear 
structure because of a large effective contraction of the molecular 
core indicated by a low-lying deformation mode. An earlier electric 
deflection study by Buchler et_ al_. 26 had indicated a linear structure 
for Al^O since the molecule did not refocus in an inhomogeneous elec- 


tric field. However, the sensitivity of this experiment is in doubt 
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t, r 

because later experiments demonstrated, that at the time the instru- 
mentation could not distinguish weak dipole moments of molecules with 
bond angles above lU0° . 

An infrared analysis may be useful in determining structure. 

A symmetric triatomic molecule has three vibrational modes : symmetric 

stretching (v-^), bending (vg), and asymmetric stretching (v^). Only 
Vg and with being doubly degenerate, are allowed in the infra- 
red for a linear geometry. For a Cgy structure, all three modes 
are infrared active and non-degenerate. The appearance of a sym- 
metric stretching mode would indicate Cg v symmetry, but its absence 
only shows that its relative intensity is at best quite weak. An- 
other indication of -structure is the bond angle which may be deter- 
mined by isotopic substitution. The splittings are calculated 
from the relationship, 

(v^" ) _ (Mq + 2M^ sin a) ^ (2.1-1) 

(v 3 ) 2 M^Mjt (M q + 2M m sin 2 cx) 

given by Herzberg 27 for symmetric triatomic molecules. In this ex- 
pression M m and M q represent the masses of the metal and oxygen atoms, 
respectively, i an isotope, a one-half the M-O-M bond angle, and 
the antisymmetric stretching frequency. It is easily shown that a 
precision of better than 0.1 cm ^ is required for unequivocal geometric 
definition. This is difficult to achieve due to either instrumentation 
limitations or matrix perturbations causing shifts in the frequencies. 
The first infrared investigation of these systems was performed 
by Mal'tsev and Shevel ' kov . 1 4 Their experiments involved a direct gas 
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phase analysis of AlgO, GagO, and IngO. Both and were reported 
for the latter two and only for Al^O. Unfortunately, a lack of 
isotopic data and the rather broad absorptions leave the results in 
doubt . 

The next investigation was reported by Linevsky, White, and 

Mann 15 on A^O in argon and krypton matrices. In this study both 

and v were found. Isotopic data indicated a bent structure of 

symmetry with a bond angle of lh5 ± 5-° The mode was quite weak 

and did not appear until a relatively heavy matrix was deposited. 

There was no hint of a v 2 mode as low as 250 cm \ the limit of their 

instrument. An estimate of 2^+0 cm ^ for this mode was made from an 

earlier ultraviolet study 28 of Al^O gas. 

In 1969, Hinchcliffe and Ogden 16 reported the asymmetric 

stretching frequencies for Ga^O, In^O, and Tl^O in nitrogen matrices. 
l8 O 

From 0 data the bond angles were calculated to be 1^3°, 135°, and 

131° for the respective suboxides which indicated C ^ structure. This 

report gave no indication of either the or v Q modes. Later Ogden 

et_jfL. 29 published a short note on the non-dissociative reaction of 

l8 

oxygen with heated thallium metal. Experiments with °0- °0 indicated 
a triplet structure near 510 cm"'*' which was assigned to an mole- 

cule. A deposit of enriched Tl^O gave a similar spectrum. 

In a recent investigation at this laboratory, Makowiecki 1 3 * 19 
reported all three modes for Al^O, GagO, In^O, Tl^O, and a new mole- 
cule InGaO. The and data for Al.^0 was in agreement with Linev- 
sky, and the values for Ga^O, In^O, and Tl^O corresponded to those 
in the Hinchcliffe and Ogden report. The v 1 and absorptions were 
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fairly intense except for Al^O which required heavy deposits before 
they were observed. Simple frequency ratios of v-^/v^ v 2^ v 3 ^ e ~ 

termined that the three frequencies belonged to similar molecules in 
each system. The bending mode was found at relatively high values 
and was taken as an indication of a ring type structure involving 
metal -metal bonding. No absorptions were observed in the far infra- 
red, and isotopic data was not available for positive identification 
or for force constant calculations . 

Three other reports were published at this time. Shevel'kov, 
Klyuev, and Mal'tsev 30 obtained infrared data for the gas phase 
values of Tl^O. All observed absorptions were comparable to those 
found above, although overtone assignments were slightly different. 

The major disparity was the absence of any V2 mode. A short note by 
Snelson 17 indicated that previously published and data for Al^O 
were correct. The mode was not observed above 200 cra~^, and the 
value of 24o cm ^ , predicted by Linevsky, was shown to be an A10 ab- 
sorption. A new prediction of 12C cm - "*' was made for the bending mode, 
which from mass considerations would place values for the other sub- 
oxide molecules below 100 cm - '*'. More recently, Brom, Devore, and 
Franzen 18 reported a matrix infrared investigation of Tl^O. A .new 
assignment for was made with ^O-^O data. The and modes 
reported by Makowiecki were interpreted as probable dimer bands from 
Tl^O^. However, these experiments were difficult to interpret, for 
much of the - LO 0 enrichment had been lost due to an atmospheric leak. 
The results of all these spectroscopic investigations are summarized 


.✓* 


in Table 2.1-1. 



Table 2.1-1. Vibrational Frequencies (cnT^-) for the Group III A Suboxid.es Reported Prior to this Work. 


Species 

v 3 ( l6 0) 

v 3 ( l8 0) 

V 2 

v^O) 

v 1 ( l8 0) 

Apex 

Angle 

r (A) 
m-o 

Method 

Ref. 

ai 2 o 

950 







Gas Phase 
Spectra 

a 

AlgO 

99b 

951 

[238] 

715 

700 

1^5±5 

1.66 

Argon 

Matrix 

b 

A1 2 0 

988 

9b6 

- 

709 

69 I* 



Krypton 

Matrix 

b 

A1.0 

2 

991-7 


503 

715-9 




Argon 

Matrix 

c 

Al z ° 

989.^ 


1*99 

710 ' 




Krypton 

Matrix 

c 

Gb 2 0 

770 



1*20 * 




Gas Phase 
Spectra 

a 

Ga 2 0 

809 . ** 

; 768.5 




143±5 

1.86 

Nitrogen 

Matrix 

a 

Ga 2° 

808.1 


1*25.8 

590. b 




Nitrogen 

Matrix 

c 

Ga 2 ° 

(822.6) 

( 817 . 9 ) 


1*16.5 

595-6 




Argon 

Matrix 

c 

ln 2 0 

770 



360 




Gas Phase 
, Spectra 

a 



Table 2.1-1. (Continued) 


Species v.C^o) v (^0) v v (^O) v. (^O) Angle r (X) Method Ref. 

-> 3d 1 1 m-o 


ln ? 0 

722.4 

684.3 




135±7 

2.04 

Nitrogen 

Matrix 

d 

In^C 

c 

721.8 


412.6 

595.6 




Nitrogen 

Matrix 

c 

ln 2 0 

(734.9) 

(741.3) 


4o4.3 

555-1 




Argon 

Matrix 

c 

ln 2 0 

745.4 


4o4.8 

560.3 




Neon 

Matrix 

c 

In 2 C 

728.2 


403.2 

531.7 




Krypton 

Matrix 

c 

tx 2 ° 

625.3 

591.2 




131±11 

2.19 

Nitrogen 

Matrix 

d 

T1 0 
2 

626.1 \ 


390.6 

506.3 




Nitrogen 

Matrix 

c 

Tl^O 

2 

(646.6) 

(659-8) 


381. 5 f 

510.1 f ’S 




Argon 

Matrix 

c 

ti 2 o 

643.3 

609.3 

[130] 

571 

545 

90 

1.86 

Argon ' 
Matrix 

e 

ti 2 0 

634.6 

600.3 


560.4 

535.7 



Krypton 

Matrix 

e 



Table 2.1-1. (Continued) 



Species v^( 1 ^0) 

v 3 ( l8 0) 

V 2 

v i ( l6 0) 

i a A P ex 

v^( iD 0) Angle 

r (A) 
m-o 

Method 

Ref, 


InGaO 

(788.9) 


Argon 



(793.1) 

431.4 550.5 

Matrix 

c 

InGaO 

783.0 

544.2 

Nitrogen 





Matrix 

c 


a. A. A. Mal'tsev and V. F. Shevel'kov, Teplofiz, Vysok. Temp. 2_, 560 (1964). 
d. M. J. Linevsky, D. White, and D. E. Mann, J. Chem. Fhys. 4l, 542 (1964). 

c. D. M. Makoviecki, D. A. Lynch, Jr., and K. D. Carlson, J. P’nys. Chem. 75., 1963 (l97l). 

d. A. J. Hinchcliffe and J. S. Ogden, Chem. Comm. l8_, 1053 (1969). 

e. J. M. Brom, Jr., T. Devore, and H. F. Franzen, J. Chem. Phys. 54_, 2jb2 (l97l)« 
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2.2 Other Vapor Species 

It was demonstrated in this laboratory 1 3 and in others 7-12 that 
the suboxide molecule is the predominant vapor phase species formed in 
the equilibrium reaction 

| M (1) + 1 M^Cs) = M g 0 (g). (2.2-1) 

The metal is also present at equilibrium in the gas phase, but in all 
systems except aluminum it comprises only 5-10 per cent of the total 
vapor composition. For the Al-0 system the metal amounts to about 
30-40 per cent of the total. In these previous experiments, other 
detected species were found to have concentrations no larger than 10 - ^ 
that of the suboxide molecule. However, the possible existence of 
heavy weight species, such as (MgO)^, vas not directly investigated. 

It was shown in several other investigations 31-33 that stable 
oxides, other than the suboxide, were present in the vapor phase. 

* t 

The predominant oxides of this group were MO and its dimer M^O^ a "*' - 
though their concentrations were normally very small compared to sub- 
oxide. An MO^ ion was detected mass spectrometrically , 1 3 but it was 
not confirmed as a stable molecule. Recently Farber, Srivastava, and 
Uy 34 reported the existence of AlOp as a stable species in the vapor 
above a heated sample of Al^O^s). This molecule was predicted to 
have the linear symmetric structure 0-A1-0 as does BOg 35 * 36 and in 
accord with Walsh's rule. 37 The only example of the suboxide dimer 
being present in a mass spectrometric investigation was in the 
thallium system 12 in which solid Tl^O was vaporized. In this experi- 
ment no stable MO species were found in the vapor. 
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Gas phase vibrational frequencies for the MO monomers were 
tabulated by Brewer and Rosenblatt. 38 In the case of T10 only an 
estimate was given since the molecule was never observed. The first 
matrix vibrational investigation of A10 was published by Knight and 
Weltner. 39 The A10 dimer was originally assumed to have symmetry 
(rhombic ring structure) , but a vibrational investigation was never 
performed. More recently a linear M-O-O-M structure for the dimer 
was proposed by Uy and Drovart 1 * 0 on the basis of the linear structure 
of B^O^ 36 and the fact that the dimerization energy of the MO mole- 
cules correlates better with the dissociation energy of 0^ than with 
that of the M^ molecules. 

Andrews 20-23 reported a series of experiments in which alkali 
metal atoms, (lithium, sodium, potassium, and rubidium), were reacted 
with oxygen molecules in inert matrices. The spectra indicated that 
MO^ and MO^M were the two primary species observed for each metal re- 
action. From isotopic Og data, the'MOg molecule was found to have 
two equivalent oxygen atoms and an isosceles triangular structure of 
C^v symmetry. There are three infrared vibrations: symmetric 0-0 

stretch, symmetric M-0 stretch, and antisymmetric M-0 stretch. 
The data suggested that the molecule consisted of a metal cation 
bonded to a superoxide anion by Coulombic forces. The MO^M species 
were determined to be a planar rhombus of symmetry. It was the 
structure for a molecule formed by diffusion of a metal atom into an 
MOg molecule with an orientation which minimized the repulsion be- 
tween the two cations. The difference between this molecule and an 
(MO)^ dimer may be slight. This new type of reaction provides a 
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possible method, in these experiments for forming MO^ or HO M species 
of the group III A metals. 



CHAPTER 3 


MASS SPECTROMETRIC INVESTIGATIONS 

/ 

The investigations reported in this chapter were carried out to 
determine all species which might exist in the vapor phase above a 
heated sample of metal and metal sesquioxide. Of principle interest 
were those molecules which might also be observed in the infrared ex- 
periments. These investigations were carried out in collaboration with 
F. J. Kohl and C. A. Stearns of the NASA Lewis Research Center. 

Mass spectrometric investigations have proven useful for high 
temperature vaporization studies' 4 1-1+3 in which molecular identifica- 
tions or thermodynamic determinations have been made. The vaporiza- 
tion of solid sesquioxides of the group III A metals has been the sub- 
ject of several previous studies. 9 ’ 11 ’ 31 " 33 In general, the predomi- 
nant species are found to be M, MO, M 2 0, 0 and 0 ^. Under reducing 
conditions, such as the vaporization of mixtures of metal and metal 
sesquioxide, the major components are M^O and M. Unfortunately, very 
little information has been available for this type of system with re- 
gard to higher molecular weight species . 

3.1 Experimental Apparatus and Technique 

The Knudsen cell double-focusing mass spectrometric system 
employed in these experiments has been described previously. 13 ’ 1 * 14 ’ 145 
The mass spectrometer was a modified consolidated Electrodynamics 
Corp. , Mattuch-Herzog unit, model 21-110, with a Knudsen cell assem- 
bly designed and built at NASA Lewis Research Center. As in a pre- 
vious investigation, 13 yttria-stabilized zirconia liners were fitted 
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inside tantalum or tungsten Knudsen cells. 

Identification of ions was made by their mass-to-charge (M/e) 
ratio .and isotopic weight distribution. Relative peak intensities 
were correlated with the normal isotopic abundances of ^Ga> "(^Ga , 
^^In, and The resolution of the mass spectrometer was ap- 

proximately 1500 based upon the 10 per cent valley definition.* 46 
This resolution was sufficient to separate organic background peaks 
from metal or metal-oxide peaks at the same nominal (M/e) ratio. 

Shuttering profile measurements provided proof that the de- 
tected species were effused from the Knudsen cell. A moveable slit 
between the ion source and the Knudsen cell was used as the shutter. 
The measured ion currents for each species originating from the cell 
corresponded to the difference between the output signal measured 
with the shutter in the open and closed positions, respectively. All 
ions from Al, Ga, and In containing species exhibited a shutter ef- 
fect of 100 per cent. 

The multiplier gains for the various ions and the appearance 
potentials were determined by the use of previously described tech- 
niques.* 45 Appearance potentials were measured by recording ion in- 
tensities against electron energy (ionization efficiency curves) and 
applying the linear extrapolation method.* 46 

3.2 Identification of Vapor Species 
a) Aluminum-Oxygen System 

A sample of aluminum metal and a - Al^O^ in a mole ratio 
of ^:1 was loaded into a tantalum Knudsen cell with a zirconia liner 
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and degassed for several hours . Then the sample temperature was slowly 
increased to 1531 K and the mass spectrum recorded. In a second ex- 
periment a tungsten Knudsen cell was employed and the mass spectrum was 
recorded at two temperatures. The relative ion intensities and the 
measured appearance potentials are listed in Table 3.2-1. The appear- 
ance potentials were in good agreement with those reported by Drowart 
et al. 47 and indicated by their relatively small values that A1 and 
Al^O were parent species as previously determined. Both A10g + and 
Al^O^* have been classified as parent species in earlier investiga- 
tions, although some of the AlOg* intensity in these experiments may 
be from fragmentation of Al^Og. The only ion previously unreported 
for this system was Al^O^,*. Its intensity was quite low, as was also 
the case for AlO^* and A^Og*, and prevented the measurement of an 
appearance potential. It was assumed that a parent Al^O^ molecule 
did exist. 

Ionization efficiency curves are characterized by three dis- 
tinct segments: a linear threshold region, a region of maximum in- 
tensity between 20 and i*0 eV, and a region of slowly decreasing in- 
tensity with increasing electron energy. All such curves were normal 
in appearance except for A10 + which showed a distinct break in the 
linear region at 16.1*0.5 eV. This break indicated the onset of A10 + 
formation from the fragmentation of AlgO. The parent A10 with an ap- 
pearance potential of 10.0*0.5 eV was responsible for less than two 
per cent of the total A10 + intensity. The Alg intensity was slightly 
smaller than that of A10 + . However, the high appearance potential 
(16.5*0.5 eV) of this ion indicated it was formed entirely by frag- 
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Table 3.2-1. Mass Spectrum of the Vapor over Al(l) + A1 ? 0 (s) 
(30 eV electrons). 


Ion a 

Relative Intensity 
Temp, (k) Temp. Temp. 

1531 l6ll 1708 

Appearance 

Potential 

(eV) 

Probable 

Parent 

Species 

Al + 

7.3 x 10" 1 

*1.0 d 

5.98^ 

ai,ai 2 o 

A10 + 

1.2 x 10~ 2 

d d 

10.0±0,5 

A10 c 




16.1+0.5 

ai 2 o 

+ CVJ 

3 

7.3 x 10 -3 

d d 

16.5±0.5 

Al 2 0 f 

aio 2 + 

7.0 x 10~ 6 

d d 

e 

ai 2 o 2 ,aio. 

ai 2 o + 

1.0 

1.0 1.0 

8.0±0.1 

ai 2 o 

ai 2 o 2+ 

2.8 x 10" U 

1.1 x 10 - ^ d 

e 

ai 2 ° 2 

ai 3 ° 2 - 

- - - 

5.5 x 10~ 6 1.9xlO* 6 

e 

AjL^Q^ 


a No other Al-containing ions were detected up to M/e -175. 

b Standard for calibration of electron energy scale. Taken from 

ref. 16. 

c The A10 + ion fraction vhich had an appearance potential of 
10.0±0.5 eV was less than 2% of the total A10 + ion current. 

d Detected but not measured. 

e Intensity was too low for reliable measurement. 

f The relative intensity of parent Al ? + is estimated to be about 
U X 10-5. 
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mentation of the parent AlgO. 

There was no evidence for the presence of any other species . 

The suboxide molecule intensity is predominant by approximately IcA 
over any other aluminum oxide. 

b) Gallium-Oxygen System 

A sample of gallium metal and B-Ga^O^ was loaded into a 
tungsten Knudsen cell and degassed for several hours. The sample 
temperature was increased and a mass spectrum was recorded at 1286 
and 1320 K. The same ions were detected at each temperature . A 
list of ions and their relative intensities is given in Table 3.2-2. 

The appearance potentials for Ga + and Ga20 + agreed with those of 
Burns, 31 and indicated both ions were parent species. The high values 
of the Ga0 + and Ga 2 + appearance potentials showed that these ions 

were fragments of the Ga20 parent. No GaO molecule was detected. The 

, * ' 

^ a 2°2 + an ^ ^ a0 2 s P e cies were of very low concentration. The former 
was probably a parent molecule while the latter may be either fragment 
or parent. A new ion was found which corresponded to Ga^0 + . Its re- 
lative intensity was too small for an appearance potential measurement 
and therefore could only be tentatively assigned as a parent. 

c) Indium-Oxygen System 

. Four separate experiments were performed for the indium- 
oxygen system. In each case a sample of indium metal and IngO^ pow- 
der in a U:1 mole ratio was loaded into a tantalum Knudsen cell. The 
sample was degassed for several hours before a mass spectrum was re- 
corded. The ions and their relative intensities are listed in Table 3.2-3. 

* 
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Table 3.2-2. Mass Spectrum of the Vapor over Ga(l) + GagO^Cs) 
(30 eV electrons). 


Ion a 

Relative 
Temp, (k) 
1286 

Intensity 
Temp . 
1320 

Appearance 

Potential 

(eV) 

Probable 

Parent 

Species 

Ga + 

1.1 x 10 -1 

c 

6.00 b 

Ga ,G.ag0 

Ga0 + 

1.4 x 10“ 3 

c 

15.0±0.4 

Ga 2 0 

°a0 2 + 

~10~ 5 

c 

d 

Ga 2 G 2 , ( GaOg ) 

Ga 2 + 

It.ltx 10" 2 

c 

l4.5±0.4 

Ga 2 0 

Ga 2 0 + 

1.0 

1.0 

9.110.2 

Ga 2 0 

Ga 2°2 + 

2.4 x 10“ 5 

1.5 x 10“ 5 

d 

GagOg 

Ga 3 0 + 

3.0 x 10~ 6 

3.1 x lO- 6 

d 

Ga^O 


a No other Ga-containing ions were detected up to M/e "350. 

b Standard for calibration of electron energy scale. Taken from 

ref. 46 . 

c Detected but not measured. 

d Intensity was too low for reliable measurement. 




Table 3.2-3. Mass Spectrum of the Vapor over (ln(l) 


Ion a >k 

Relative 
Temp. (K) 

1173 

Intensity 

Temp. 

1191 

Temp. 

1190 

In + 

7.5X10 -1 

d 

d 

In0 + 

1.6xl0 -3 

d 

d 

In0 2 + 

1.4xlO“ 5 

d 

d 

V 

9-2xl0~ 2 

d 

d 

ln 2 0 + 

1.0 

1.0 

1.0 

In 2°2 + 

3.2x10“^ 

2.2x10“^ 

2.6x10-5 

Xn 3 0* 

- - - 

' 1.6xlO- 5 

l.l+xlO-5 

In 2 W °4 + 



1.4xlO~5 

- - - 

In 4°2 + 

- - -■ 

U.OxlO" 6 

6.3xl0- 6 

InTaO 

- - - 

- - - 

- - - 

InTa0 2 + 

- - - 

- - - 

- - - 


a No other In-containing ions were detected up to 


In^O^Cs) (30 eV electrons). 


Temp . 
1239 

Appearance 

Potential 

(eV) 

Probable 

Parent 

Species 

d 

5-79° 

In,In 2 0 

d 

l4.8±0.5 

ln 2 0 

d 

e 

IrigOgjClnOg) 

d 

12.9+0.5 

ln 2 0 

1.0 

8. 3+0. 5 

In 2° 

d 

e 

In 2°2 

d 

e 

In 3° 

d 

e 

In 2 W0 u 

d 

e 

In 4°2 

2.3xl0 -5 

e 

InTaO 

4.3xlO- 6 

e 

InTa0 2 


e =830 



■ Table 3.2-3. (Continued) 


b At 1191 K, shutterable peaks at M/e = 553±2 and 591-2 were observed. These could not be 
assigned definitely to In-containing species (intensities 10 - 5-io~6) . 

c Standard for calibration of electron energy scale. Taken from ref. b6. 

d Detected but not measured. 

e Intensity was too low for reliable measurement. 
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The appearance potentials for In + and IngO* agreed with those 
reported by Burns et_ al. , 32 and the relative ion intensities were 
comparable to those recorded by Shchukarev and associates 3 for In + , 
InO + , InC^ 4 ", In 2 + , In20 + , and In202 + . Of these, In, IngO, and IrigOg 
were definitely parent species with the suboxide intensity 10* + greater 
than any other indium oxide molecule. The In 2 + and InO + appearance 
potentials indicated that they were fragments from In^O. It was noted 
that, as was found for the gallium system, the Mg + intensity was 
greater than that of M0 + . The same kind of intensity distribution was 
also found in the thallium suboxide studies 11 ’ 12 and was considered to 
have possible structural significance. The InC> 2 + peak was too small 
for measuring its appearance potential. 

At slightly higher temperatures several previously unreported 
ions were detected. These included In^O + , ln^0 2 + , InTaO + , InTa02 + , 
and In 2 Wo^ , all of which were considered to be parent molecular spe- 
cies. The In^O molecule is apparently similar to Ga^O, mentioned in 
the previous section. The In^Og molecule is apparently the dimer of 
indium suboxide. A suboxide dimer is known to exist in the thallium- 
oxygen system, but no other dimers for the group III A metal oxides 
have been previously detected through mass spectrometric experiments. 

The remaining three molecules were mixed metal species. The 
indium tantalum oxides were probably formed at the orifice since the 
orifice of the tantalum cell was smaller than that of the inner zir- 
conia liner. This allows some species to come into direct contact 
with the tantalum walls. After completion of the experiment there 
was evidence of an indium residue near the orifice between the liner 
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and the cell. The indium tungsten oxide was more difficult to ex- 
plain. Tvo tungsten filaments surrounded the cell and were the most 
probable source of reaction with the In^O. No other ions were found 
which could be attributed to an indium-containing species. 



CHAPTER 4 


MATRIX ISOLATION TECHNIQUE AND APPARATUS 
4.1 Matrix Isolation Technique 

Dewar 140 first used some semblance of the matrix isolation tech- 
nique in 1901. Later in 1954, Pimentel et al. 49 began isolating ma- 
terials in matrices at low temperatures for spectroscopic studies. 
However, it was not until 1961 that Linevsky 50 first applied the tech- 
nique to the investigation of vapors formed at elevated temperatures. 
Since that time it has become an important tool for the chemist. 

The method is basically a molecular beam sampling technique 
in which the molecules of the beam are collected, along with a large 
excess of a chemically inert substance such as one of the rare gases, 
and cooled to approximately 4 K, The rare gas then forms the matrix. 
Since the molecules are highly diluted and the matrix is inert, 
ideally there are no forces acting upon the molecules other than very 
weak electrostatic forces which provide only slight perturbations of 
the energy levels from the gas phase values. 

Some of the advantages of this method are the ability to in- 
vestigate very reactive molecules, such as radicals and those stable 
only at high temperatures, or molecules which are normally in very 
low concentrations. High temperature vibrational studies can be per- 
formed without having rotational or hot bands to obscure the back- 
ground. Monomers can usually be distinguished from polymers by either 
varying the dilution or diffusing a matrix. In the latter method the 
matrix is warmed 10-15° and then quenched by recooling. A monomer ab- 
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sorption tends to sharpen and decrease in intensity while a dimer 
band usually broadens and either stays the same size or increases in 
intensity. 

However, there are some disadvantages. Polymers may be formed 
thus making it difficult to interpret some spectra. The matrices 
tend to scatter light (Rayleigh scattering), especially during dif- 
fusion studies. Multiple trapping sites may exist and cause vibra- 
tional splittings, and selection rules may be broken and degeneracies 
split. 

^ .2 Experimental Equipment 

a ) The Cryostat and Condensation Target 

A modified Sulfrian "Select-a-Stat liquid helium cryo- 
stat, described by Thompson 51 and Makowiecki 1 3 , was employed to cool 
the condensation target. This cryostat, illustrated in Fig. U.2-1, 
consists of a double dewar assembly surrounded by a stainless steel 
vacuum jacket connected to a rotatable brass tail section. The inner 
dewar, containing liquid helium, is attached by a stainless steel rod 
to the copper block which holds the condensation target. A spiraled 
copper tube is soldered to the rod and allows liquid helium to be 
passed from the dewar to the block for effective cooling. The copper 
tubing vents at a micrometer valve located at the top of the cryostat. 
Temperature control is maintained by adjusting either the micrometer 
valve or the backing pressure above the liquid helium. 

Two heat shields surround the condensation target. The first 
is attached to the copper block and is maintained at liquid helium 
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Fig. k.2-1 Cross section of the cryostat: Body section (A); 

£-He pump-out port (B); Richard's valve (C); thermo- 
couple feedthrough (D); spray-on tube entrance (E); 
micrometer valve outlet (F); fill/vent tube (G); 

2,-He cooling coil (H); Z-N 2 cold shield (I); £.-He 
cold shield (J); cold block and plate (K); deposition 
target (L); optical window sealing ring (M); outer 
optical windov/ (N); ball bearing race (0); spray-on 
tube (P); molecular beam source flange (Q). Drawing 
courtesy of Sulfrian Cryogenics, Inc. , reproduced by 
permission. 



27 


temperatures. The second is directly attached to the outer dewar 
containing liquid nitrogen. 

The condensation target for these experiments consisted either 
of CsBr or Csl polished windows. The former has a. usable range of 
1*000-250 cm - "*-. The latter extends the range to 200 cm - -*-. These win- 
dows are held onto the copper block by a copper front plate which is 
secured by four brass screws. An indium gasket is employed to main- 
tain good thermal conductivity between block and window. The open 
sight diameter of the target is 3.18 cm. Two copper-Constantan ther- 
mocouples, which are soldered to the block and plate respectively, 
measure the temperatures . 

The vacuum system consists of a two-inch oil diffusion pump, 
backed by a small Precision Scientific mechanical pump. Under normal 
conditions a vacuum of 2 x lO - ^ torr was maintained; with liq. Ng 
the dewar the vacuum was 9 x 10~^ torr, and with liq. He the vacuum 
was 2 x 10“^ torr. It was experimentally determined that as long as 
the pressure did not rise above 1 x 10" ^ torr with liq. He, success- 
ful experiments could be performed with no appreciable change in he- 
lium holding time. Above this pressure the thermal conduction was 
appreciable, and the matrices tended to flow and were lost. 

b) Superstructure and Infrared Instrumentation 

The entire isolation apparatus was supported on a moveable 
unistrut framework which could fit around eithu- of the two infrared 
instruments. Approximately five minutes were required to complete a 
move. The instruments were the Beckman IR-7 , which has the range of 
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1*000-650 cm - -*- , and the Beckman IR-11, which has the range of 800-33 
cm - -*-. However, during the course of this research the latter instru- 
ment had a useful range of 800-250 cm - -*- and even here the energy was 
quite low. The two instruments were calibrated with atmospheric water 

bands, CO , and a 10 cm gas cell of ITIi_ . The absolute wavenumber ac- 
2 3 

curacy was better than ±1.0 cm - -*- for all experiments. 

The matrix gas was contained in a small glass vacuum system at- 
tached to the uni strut framework. A small manometer allowed measure- 
ment of pressures up to 300 mm. The glass system was connected by a 
manifold to two stainless steel tubes of 0.2H cm diameter which car- 
ried the gas to the target. The tube openings were positioned approxi- 
mately 1.27 cm from the window at a 1*5° angle. The rate of deposition 
could be varied by means of a needle valve on the manifold. 

« t 

c) Matrix Gases and Chemicals 

Argon, which was the primary matrix gas, was Matheson's 
"Gold Label" grade with a stated purity of 99-9995 per cent. This 
gas was used without further purification although earlier tests 13 
had shown neon to be an impurity. Experiments verified that this pro- 
duced no noticeable effect on the spectra. Research grade Ii^ was used 
for several experiments. Oxygen for the mixed matrix experiments was 
Linde’s 99 per cent pure grade. Further purification was not required 
for either of these gases. A list of other chemicals employed in this 
study is given in Table it. 2-1. 

d) Knudsen Cell Assembly 

A water-cooled condenser, described previously, 13 was at- 



Table ^.2-1. Research Chemicals. 


Mat eri al 

Stated Purity 

Source 

l0 O$ 

Minor Impurities a 

A1 


Fischer 

- - - 

Fe 

Ga 

99-999% 

Alfa Inorganics 

- - - 

In 

In 


Sulfrian 

- - - 

Cr 

T1 

99.9999 % 

Alfa Inorganics 

- - - 

None 

A1 2°3 

Ultra Pure 

Linde 

- - ~ 

None 

Ga 2 0 3 

99.99 % 

ROC/RIC 

- - - 

None 

/ n 2°3 

99.999 % 

ROC/RIC 



None 

T 1 2°3 

Optronic Grade 

Alfa Inorganics 

- - - 

Si 

A1 2°3- 


Miles Labs. 

72 

/■ 

GagO^ 


Miles Labs . 

77 

- - 



Miles Labs. 

86. 5 

- - 


a Detected by emission spectroscopy. Private communication, Fred J. Kohl, NASA Lewis Research 
Center, Cleveland, Ohio. 
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tached to the large port of the cryostat's rotatable tail section. 
Either of two Knudsen cell assemblies 13 was attachable to the con- 
denser. Both assemblies consisted of a brass flange, Ceramaseal 
high current feedthroughs, and 0.635 cm copper tubing as water- 
cooled electrical conductors. 

The low temperature assembly was usable for temperatures up 
to 1600 K. The Knudsen cell was held in place by two 0.318 cm zir-- 
conia rods . The heating was maintained by radiation from a 5 rail cir- 
cular strip of tantalum sheet surrounding the crucible. The sheet was 
spot-welded to two 0.635 cm tantalum tubes of 15 mil thickness which 
were secured to the feedthroughs by set screws. A 20 mil Chromel- 
Alumel thermocouple, for temperature measurement, was positioned in a 
black-body hole of the Knudsen cell. 

The high temperature assembly was usable for temperatures 
above 1200 K. In this case the Knudsen cell was heated resistively. 
The tantalum leads of the cell were fitted into slots in two 0.635 cm 
molybdenum rods, with the cell placed between them. The rods were 
locked in place to the feedthroughs by set screws. The cell skin 
temperature was measured by pyrometer through the rear window. Ap- 
propriate corrections were made to obtain the true orifice temperature 

Both heating assemblies appeared to be quite reliable. At no 
time were any temperature gradients of any consequence seen. The 
source of power for both assemblies was a double variac arrangement. 
Line voltage, 125 V at up to 30 amps, was fed into a 6.1 KVA variac. 
The output was fed into a second 6.1 KVA variac which was stripped of 
its outer casing. A secondary wiring was formed by wrapping number 
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zero fine strand welding cable six times around the core. The leads 
from this cable were bolted to the water-cooled copper conductors of 
either of the two assemblies. The maximum output was 6 00 amps at 3 
volts. This type of heating arrangement was quite steady, requiring 
no controls other than the manual positioning of the first variac. 

Two types of Knudsen cells were employed as shown in Fig. h.2-2. 
The first consisted of either a zirconia or thoria inner crucible and 
fitted top with an orifice in its bottom, 1.27 cm tall by 1.27 cm dia- 
meter. The outer covering was a 15 mil tantalum tube of 1.59 cm dia- 
meter with press-fit graphite plugs at each end. The plug over the 
orifice end was drilled out 0.953 cm in diameter. The other plug had 
a black-body hole for a thermocouple. The other cell, again had either 
a zirconia or thoria inner crucible of the same dimensions. In this 
case the orifice was in the side. The outer walls consisted of 15 mil 
tantalum tube of 1.59 cm diameter. The ends were 20 mil tantalum 
sheet bent to a block C shape and spot-welded into position. 

e) Dry Box 

For the oxygen-18 experiments a dry box from Kewaunee 
Scientific was used for crucible loading under a dry nitrogen atmos- 
phere. The small purging system, in continuous operation, consisted 
of a small pump forcing the nitrogen through a vycor tube containing 
heated copper turnings for oxygen removal and then through two Drierite 
traps to purge any residual water vapors. The copper turnings could 
be regenerated by passing hydrogen gas over them to produce water which 
was extracted by the Drierite. 
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Legend for Fig. h.2-2: 

Low Temperature Knudsen Cell 

a. zirconia or thoria liner 

b. graphite end plug 

c. black-body thermocouple hole 

d. tantalum sheath 

e. graphite plug 

\ 

f. orifice 

High Temperature Knudsen Cell 

a. tantalum end plates and electrical, leads 

b. orifice 

c. zirconia or thoria liner 
a. tantalum sheath 
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4.3 Experimental Procedures 

a ) Matrix Isolation Ratio 

In order to perform a successful matrix experiment, it 
is necessary to have a good isolation ratio of moles of matrix gas 
to moles of reactive species (M/R). Therefore, the number of moles 
of both species must be reasonably veil measured. It has been found 
that M/R ratios of 300-20,000 are acceptable depending upon the parti- 
cular goal of an experiment. There is obviously more chance for as- 
sociation or reaction with a lover ratio. Below 300 there is usually 
too much scattering and above 20,000 there are not enough reactive 
species. During these experiments a typical run would involve 10-20,000 
y moles of matrix gas and 2-20 y moles of reactive molecules. However, 
some absorptions could be seen at approximately 0.1 y moles. 

The ideal gas law is used to calculate the moles of matrix gas. 
The gas is maintained in a fixed volume at room temperature with the 
change in pressure measured with a manometer. Unfortunately, not all 
of the matrix gas condenses when it hits the target. The correction 
for this is the condensation coefficient which is 0.6 for argon and 
neon and unity for nitrogen, oxygen, carbon dioxide, krypton, and 
xenon due to their higher sublimation temperatures. 

Likewise the moles (Z) of the reactive species can be deter- 
mined from a modified Knudsen effusion equation 52 

Z = 2.66 x 10-3 QaGPt (2 n M R T)“ 1//2 (4.3-1) 

provided the vapor pressure is known. The constant 2.66 x 10“3 allows 
Z to be expressed in y moles (l0 - ^ moles), with P being the vapor pres- 
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sure in atmospheres ,t the time of the steady-state deposition in 
minutes, M the molecular weight of the species, R the gas constant, 
and T the absolute temperature. The product Qa is the effective ori- 
fice area expressed in cm^ where a is the cross-sectional area and Q 
is the Clausing factor (a function of the diameter and depth of the 
orifice). The geometry factor G is a dimensionless quantity which 
gives the fraction of effusing molecules that hit the target. From' 
the Cosine Law of molecular effusion 53 , we have the approximation 
that 


G = 


(U.3-2) 


r 2 + r 2 

where r is the radius of the condensation target (1.59 cm) and L is 
the perpendicular distance from the orifice to the target ( 7.62 cm). 
G has the value 0.0Ul6 for the present experiments. It is assumed 
that all molecules hitting the target are condensed. 


b) Vapor Pressures for Suboxides and Metals 

The pressures for these experiments were those determined 
by Makowiecki 13 for all the suboxides except aluminum which was taken 
from the literature. 7 * 54 The metal pressures for the matrix reaction 
experiments were taken from established values. 55 A list of all pres- 
sure equations is given in Table H.3-1. 


c) Procedure Additions 

The procedure normally followed during an experiment is 
described in detail by Makowiecki . 13 However, two additional steps 
were necessary for this research. In those experiments involving a 
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Table 4.3-1. Summary of Vapor Pressure Equations. a 


Species 

A 

B 

Temp. Range (k) 

Ref. 

A1 

15812 

5-87 

1200-2000 

b 

Ga 

13800 

5.52 

1200-1600 

b 

In 

1229 b 

5.27 

1100-1400 

b 

T1 

9022 

5.22 

800-1000 

b 

A1 2 0 

24200 

8.9 

1400-1400 

c 

Ga^O 

11700 

5.42 

1000-1300 

d 

In 2 ° 

13180 

7.43 

900-1200 

d 

ti 2 o 

9090 

7.62 

700-900 

d 

Mixed System e 





Ga 2 0 

12720 

4.76 

1000-1300 

f 

In 0 
2 

15710 

8.06 

1000-1300 

f 

InGaO 

13640 

6.24 

1000-1300 

f 


a Parameters A and B' apply to the equation 

log P (atm) = -A/T + B 

b . R.Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelley, Selected 
Values of Thermodynamic Properties of Metals and Alloys , Wiley and 
Sons, Inc. (1963). 

c L. Brewer and A. W. Searey, J. Am. Chem. Soc . 73 , 5308 (1951). 

d D. M. Makowiecki, "Infrared Spectra of the Group III A Metal Suboxides," 

Ph.D. Thesis, Case Western Reserve University, January, 1971. 

e Pressures over In(l) + GagO^Cs). 

f Private Communication , Fred J. Kohl, NASA Lewis Research Center, 
Cleveland, Ohio. 
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mixed matrix, the oxygen was hied into the evacuated storage bulb 
first and then either argon or nitrogen was added. Teflon chips in- 
side the bulb allowed for proper mixing of the two gases. Also, in 
most cases the bulbs were filled 2h hours in advance of an experiment 
and allowed to equilibrate before use. During the experiment it was 
noted that the micrometer valve for the matrix gas had to be opened 
further to maintain a steady deposition flow. This was due to a 
slight condensation of oxygen in the spray-on lines. This same ef- 
fect had previously been noted in pure nitrogen experiments . 

The second procedural change dealt with the handling of the 
oxygen-18 enriched sesquioxides of aluminum and gallium. These were 
maintained inside sealed casings and left in a freezer until needed. 
They were then transferred to the dry box for loading the sample into 
the crucible. This was necessary because of the rapid oxygen isotopic 
exchange which proceeded even at room temperature. 56 Although the 
samples were nominally 70 per cent enriched, the experimental results 
indicated no more than ^0 per cent enrichment after heating. Ap- 
parently much of this loss was from oxygen exchange in the thoria and 
zirconia crucibles at high temperatures. After several heatings of 
each cell, the isotopic exchange appeared to equilibrate. Further 
evidence for this exchange process was that in later experiments em- 
ploying unenriched sesquioxide material, small absorptions from xo 0 
were found. 

It should be noted that Makowiecki 13 used relatively short de- 
position times at fairly high deposition rates. Although the isolation 
ratios were adequate, there is an increased chance of molecular inter- 
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actions as the vapor pressure approaches the upper limits of Knudsen 
conditions. The experiments in this study were performed under con- 
ditions as closely as possible duplicating those employed by the 
above mentioned author. 



CHAPTER 5 


MATRIX ISOLATION EXPERIMENTS 
5 , i Mixed. Matrix Experiments 

It was decided that the study of the effect of isolating subox- 
ide molecules- in matrices containing approximately 20 per cent oxygen 
would be interesting because the possibility existed that previously 
observed absorptions were from reactions of free oxygen with suboxide 
molecules. Also, the recent investigations by Andrews 2 ® - ^ on alkali 
metals reacting with oxygen in mixed matrices provided the impetus to 
begin a similar search with the group III A metals to obtain an addi- 
tional check that the suboxide absorptions were not due to reactions 
betveen free metal and oxygen. 

These experiments were performed in reverse order beginning 
with thallium and ending with aluminum. The reason for this is the 
apparent better diffusion of heavier molecules in a matrix over lighter 

{■ I 

ones. J/ Although it is possible that absorptions lie below 250 cm~ , 
the condition of the IR-11 did not allow any measurements in this re- 
gion. In the case of aluminum the instrument did not have enough 
energy to allow any spectra. 

a ) Thallium and Thallium Suboxide 

Approximately 10p moles of thallium metal were deposited 
from a previously outgassed Knudsen cell in an Ar + 0^ matrix with an 
Ar/Tl ratio of 800 and an O2/TI ratio of 100. No evidence for any pre- 
viously assigned Tl^O absorptions was seen. However, two new absorp- 
tions were observed as shown in Fig. 5.1-1. The first appeared to be a 
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possible doublet at 428.2 and 432.9 cm~^. The second, at 295.5, cm~^, 
was quite intense and broad. Both disappeared rapidly upon diffusion 
leading to the possibility that they belong to the same molecule. The 
slightest attempt at a simple annealing caused great losses in inten- 
sity. There were no indications of additional absorptions being 
formed at this time. Unfortunately, the matrix diffused completely 
before a spectrum could be taken on the IR-7- 

In order to verify that the above absorptions were new,' it was 
necessary to isolate Tl^O in an Ar + 0^ matrix. The cell was reloaded, 
and the sample of T1 + T^O^ was heated to 780 K for nine minutes. A 
deposit of Tv moles of T1 2 0 and less than ly mole of T1 was isolated 
with the ratios Ar/TlgO of 1500 and O^/TlgO of 300. The thallium was 
isolated at M/R of 10,000, which indicated very little chance for a 
matrix reaction. The spectrum, represented in Fig. 5.1-2, shows ab- 
sorptions at 384. 5, 473.2, 509.5, 532.5 and a doublet at 640.7 and 
66l.4 era - ' 1 '. The 532.5 and 473.2 cm" 1 ' absorptions have been observed 
previously 13 ’ 18 but do not appear with any regularity and are unas- 
signable. The remaining absorptions are those found in the Tl^O ex- 
penraents . 1 0 "There appears to be a frequency shift of about 3 cm 
by diluting the Ar matrix with Og. 

In the next experiment, an attempt was made to isolate both 
the "TlgO" molecules and a high concentration of T1 metal in order 
to investigate whether any additional absorptions would be detected. 

To do this it was necessary to load the Knudsen cell with a very 
small sample of Tl^O^ and a large excess of T1 metal. A higher de- 
position temperature was employed so that all the Tl^O,, was depleted 



Absorption 



Fig. 5-1-2. Infrared Spectrum of Tl^O in Ar + 0 . 



in the Tl^O reaction and a high concentration of T1 was produced. 

The cell was heated to 1000 K for a 7.5 minute deposition. The iso- 
lation ratio was not calculated because of the unknown quantities. 

The matrix contained 17 per cent oxygen in argon. The weak absorp- 
tion at 384.3, 509.7, 640.3 and. 66l.5 cm shown in Fig. 5-l-3a, is 
from the T1,_0 system. It appears that the last absorption may be 
due to solid C0^ in this experiment as it. is quite sharp and intense 
whereas the others are weaker and broadened. The remaining bands at 
295.9 cm - - 1 and the doublet at 432 and 428 cm ^ were observed in the 
"T1 + 0 2 " matrix reaction. In diffusion experiments the "Tl o 0" ab- 
sorptions tended to remain longer than those from the T1 experiment. 
The spectrum from the IR-7, shown in Fig. 5.1-3b, indicates several 
weak absorptions between 650 and 1500 cm - - 1 . The first at 721 cm -1 
has been reported 13 previously as an overtone for the "Tl^O" system. 
The doublet at 1035.7 and 1022.0 cm”'*' is apparently related to the 
"T1 + Og" system although a weak "TlgO" overtone is reported at 
1006 cm . The last absorption at 1082.1 cm' 1 is very weak and may 
be only a ghost since the instrument has a strong single beam back- 
ground band between 1075 and 1100 cm~^. However, upon diffusion this 
absorption disappears very quickly, even faster than the doublet, and 
is tentatively assigned as being from the "T1 + Og" reaction. 

A list of the absorptions from these experiments is given in 
Table 5*1-1 with their relative intensities and probable precursor 
system. 

b ) Indium and Indium Suboxide 

A cell previously employed for an In^O study was degassed 
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Fig. 5.1-3a. Infrared Spectrum of T1 and T1 0 in Ar + 0 , (IR-Il). 
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Table 5.1-1. 

Infrared Frequencies (cm - -'-) 
Reactions vith 0 2 in Ar. 

of T1 and T1 2 0 Matrix 


Absorptions 8, 

V 

Intensities 0 

Precursor System 


295.9 

100 

T1 + 0 2 

384.3 

8 

T1 2° 

428.2 

13 

T1 + ° 2 

432.9 

12 

T1 + 0 2 

473.2 

2 

ti 2 ° 

509.5 

11 

ti 2 o 

532.5 

3 

ti 2 o 

640.5 

31 

ti 2 0 

661.2 

50 

T1 2 0 (C0 2 ) 

721 

2 

ti 2 0 

1022.0 

5 * 

T1 + 0 2 

1035-7 

3 

T1 + 0 2 

1082.1 

4 

T1 + 0 2 


a Accuracy considered better than ±1.0 cm - -*". 

b Relative intensities all normalized to the most intense peak. 
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and loaded with In metal. The cell was heated for 8 minutes at a 
temperature in excess of 1020 K. The exact temperature was not de- 
termined as the thermocouple became dislodged during the heating. 

A large sample of In was known to have been deposited as the heat 
shields were coated with a metallic cover. The matrix contained 23 
per cent oxygen in argon. Two bands were observed, as shown in 
Fig. 5.1-^b, at h^6.k and 332.2 era"'-'-. Both intensities decreased 
rapidly during a He fill with the former disappearing completely. 

The spectrum from the IR-7, Fig. 5.1-'ia, shows a very small rounded 
absorption at 735.0 cm"-'- which is the for IngO. Apparently a 
small amount of In^O^ powder remained in the cell and reacted form- 
ing In^O during this experiment. It is interesting to note that 
this band corresponds to the value assigned as the true in the 
doublet reported by Makowiecki . 1 3 Two other absorptions were ob- 
served at 1012.8 and 1082.3 cm - ^. The latter disappeared faster 
upon diffusion but again may be no more than background. The former 
diffuses slower than the In^O v^, but does eventually disappear be- 
fore the matrix is lost. A later experiment showed essentially no 
In^O and a sharp 2 per cent absorption at 1012.6 cm"-'-. However, 
the only other hint of a peak was a very weak and broad band at 
332 cm -1 . 

The cell was reloaded with In and IngO^. After it was out- 

gassed, the sample was heated for 0 minutes at 1163 K to deposit 3-*4y 

moles IngO and 0.3y moles In with isolation ratios of i+500 for Ar/lngO 

and 1000 for 0 /In 0. Absorptions, illustrated in Fig. 5.1-5, at 
2 2 

*406.8, 553.8, and 733.1 cm -3 ' are within 2 cm - -'- of those observed in 
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Fig. 5-1-5* Infrared Spectrum of In^O in Ar + 0 . 
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the "IrigO" system- The shift vas positive for the low absorption and 
negative for the last two. The was broadened, but apparently was 
not split. The small rounded peak at 582.7 cm - *- was also seen in 
previous IngO experiments, but only with a neon matrix. Table 5-1-2 
lists the observed frequencies for these experiments. Further ex- 
periments showed no other absorptions and no new details. 

c ) Gallium and Gallium Suboxide 

The same Knudsen cell used in earlier Ga^O experiments was 
loaded with a small amount of GagO^ powder and a large excess of Ga 

metal. The sample was degassed and then heated for 7 minutes at 

lUOO K. Again the exact isolation ratio was not known because of 
the composition of deposition material. The Ar matrix was composed 
of 19 per cent 0g. The spectrum in Fig. 5-l-6a depicts the Ga 2 0 

at 8l6.7 cm - * which is a shift down of 5 cm - -*-. The doublet from mul- 

tiple trapping sites (site splitting) seen in an earlier investiga- 
tion 13 had been reduced into one broadened absorption. There was a 
weak band at 1088,4 cm -1 which again disappeared rapidly upon diffu- 
sion. There was a strong absorption, shown in Fig. 5-l-6b, at 383.3 
cm -3 - apparently corresponding to those at 332.2 and 295-9 cm -1 in the 
"In- and Tl- oxygen" systems. The broad weak; peak at 589-2 cm - "*- was 
from the "GagO" system and was also shifted lower 5 cm - *". 

During a later experiment in which effectively no GagO^ was 
present in the cell, the GagO was extremely weak. The one per cent 
absorption at 8l8.1 cm - * appeared to have shifted less than in the 
above experiment. It seemed that in a mixed matrix the degree of fre- 



Table 5.1-2. Infrared Frequencies (cm - -*-) of In and I n^O Matrix 
Reactions with 0 o in Ar. 


Absorptions 8, 

Intensities* 3 

Precursor System 

332.2 • 

100 

In + 0 2 

koC.Q 

5 

In o 0 

ci 

k^6.k 

1 6 

In + 0 2 

553.8 

15 

In 2° 

582.7 

k 

ln 2 0 

733.1 (735.0) 

35 

ln 2 0 

1012.8 

3 

In + 0 2 

1082.3 

2 

In + 0 2 


a Accuracy considered better than ±1.0 cm”- 1 -. 

b Relative intensities all normalized to the most intense peak. 
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quency shift was possibly related to the M^O rather than the 0^ con- 
centration. This same phenomenon was noticed in the 1^0 mixed ma- 
trix experiments. 

The sample, replenished with GagO^, was deposited for 8 minutes 
at 1350 K in an argon matrix with 18 per cent Og. The spectrum, 

Fig. 5.1-7, contained only four absorptions between 250 and 1500 cm - '*'. 
The three at 816 . 7 , 59^.3, and ijl6.6 cm"^ were from the "GagO" sys- 
tern while the fourth at 382.9 cm“^ corresponded to the "Ga. + 0g" re- 
action product . 

Further experiments produced no other bands . A list of ab- 
sorptions along with their probable origins is given in Table 5.1-3. 


d) Aluminum and Aluminum Suboxide 

A new zirconia cell was loaded with powdered A1 metal, 
spot-welded into the high temperature heating assembly, and degassed. 
The sample was deposited for 8 minutes at 1683 K in an Ar matrix with 


21 per cent 0g and an Ar/Al ratio of llO and 0g/Al of 185 . Before 
diffusion. Fig. 5*l-8a, absorptions were observed at 686.1, several 
between 782 and 878 , 991. k, 1071.6, 1039.6, and 1116.0 cm -1 . After 
diffusion, Fig. 5.1-8b, the region between 800 and 880 cm - ’*' had 
cleared considerably and definite peaks were seen. The Al^O v^, at 
991. ^ cm - ^-, had decreased drastically in intensity. 

A further example of this is shown in Fig. 5.1-9 from the same 
A1 sample heated for nine minutes at 1673 K in an argon matrix with 
21 per cent oxygen. Spectrum (a) shows the absorptions after one dif- 
fusion; spectrum (b) shows the absorptions immediately before the ma- 
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Table 5-1-3. Infrared Frequencies (cm - -*-) of G a and Ga^O Matrix 
Reactions with 0^ in Ar. 



Absorptions 3- 

Intensities* 3 

Precursor System 

383.3 

100 

Ga + 0 

2 

1 416.6 

1 

Ga^O 

594.3 (589.2) 

12 

Ga 2 0 

816.7 (818.1) 

52 

Ga 2 0 

1088.4 

3 

Ga + 0 2 


a Accuracy considered better than ±1.0 cm"-*. 

b Relative intensities all normalized to the most intense peak. 
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trix completely diffused. It was easily noticed that the Al^O dis- 
appeared entirely, the 686 cm"-*- hand grew slightly, and the others re- 
lative intensity varied with each diffusion probably indicating higher 
polymers of some species . 

An experiment was attempted with 20 per cent 0^ in a N matrix. 
The sample was deposited for 8 minutes at 1673 K. The only observable 
peaks were the for A1 0 at 988.8 cm"-*- and a weak band at 1095-6 cm"-*- 
possibly corresponding to those seen earlier for the other "M + O^" 
systems and the one at 1116.0 cm"-*- seen in the first aluminum experi- 
ment . 

Since the Al^O v_^ absorption was detected in every deposition 
of metal into a mixed matrix, a blank run was made to deposit only 
metal in a pure Ar matrix. The sample was heated for 8 minutes at 
1773 K. The spectrum showed one absorption at 992.3 cm"-*- indicating 
that a small amount of Al^O had effused from the cell. Since this had 
been completely outgassed and used for several experiments , it ap- 
peared that the A1 was leaching oxygen from the zirconia cell walls 
to form AlgO. 

The high temperature cell was reloaded with Al^O^ and Al. The 
degassed sample was heated at 1730 K for 8 minutes. The matrix was 
argon with 20 per cent oxygen. The spectrum. Fig. 5.1-10, demonstrates 
that there are no major differences from earlier spectra other than 
the stronger AlgO absorption. However, the expected 71*+ cm"-* peak from 
the "AlgO" system did not appear. A list of absorptions is given in 
Table 5.1-*+ along with an indication of the effect of several diffu- 
sions . 
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Table 5.1-4. Infrared Frequencies (cm"-'-) of A1 and Al^O Matrix 
Reactions with 0^ in Ar (N^). 


- 

Absorptions^ 

Initial 

Intensities* 3 

Diffusion* 3 

Precursor 

System 

686 -.1 


50 

R 

A1 

+ 

°2 

782.5 


12 

D 

A1 

+ 

°2 

787.2 


0 

I 

A1 

+ 

°2 

795.4 


3 

I 

AjL 

+ 

°2 

799-3 


1 

D 

A1 

+ 

°2 

809.5 


12 

I 

A1 

+ 

°2 

824.7 


14 

D 

A1 

+ 

°2 

836.1 


10 

I 

A1 

+ 

°2 

851.3 


1 

I 

A1 

+ 

°2 

862.6 


35 

D 

A1 

+ 

°2 

869.6 


35 

D 

A1 

+ 

°2 

878.2 


7 

I 

A1 

+ 

°2 

977.9 


1 

D 

Al, 

£ 

!° 


991.4 

(988. 8) d 

100 

D 

Al„ 

£ 

,° 


1000.1 


2 

D 

Air- 

£ 

>° 


1039.6 


6 

D 

Air. 

£ 

!° 


1071.6 


7 

D 

A1 

+ 

°2 

1116.0 

(1095. 6) d 

8 

D 

A1 

+ 

°2 


a Accuracy considered better than ±1.0 era - '*'. 



6l 


Table 5.1-*+* (Continued) 


b Relative intensities all normalized to the most intense peak. 

c I denotes an increase upon matrix varming, D a decrease, and R 
indicates that the intensity remained approximately constant. 

d Nitrogen + 0^ matrix. 
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5-2 Isotopic Investigation of the Suboxides 

In order to obtain a definite picture as to the accuracy of 
■the vibrational assignments for the suboxides, the investigator per- 
formed a series of experiments with aluminum and gallium sesquioxide 
isotopically enriched with oxygen -18. The oxygen atom is quite 
light as compared with most metal atoms and gives relatively large 
vibrational isotopic effects. For any system with both ^0 and ^0 
present, a molecule containing one oxygen atom will have each of its 
vibrational modes appear as a doublet. However, a molecule contain- 
ing two equivalent oxygens will have each absorption appear as a 
triplet. In either example, the pure oxygen -l6 band will be at the 
highest energy and the oxygen -18 at the lowest. 

a) Aluminum Suboxide 

Three satisfactory A1 2 0 experiments were performed with 
the mixture of A1 and enriched Al^O^. In all cases the high tempera- 
ture Knudsen cell was employed. In the first experiment the cell was 
heated to 1725 K for ten minutes to deposit lip moles of Al o 0 at an 
isolation ratio of 1000. Although the matrix flowed slightly, three 
absorptions were detected as shown in Fig. 5.2-1. The first at 
990.7 cm~^ corresponded to the for AlgO reported by Linevsky et 
al . 1 5 , Makowiecki , 1 3 » 1 9 and Snelson. 17 The second at 9^6.6 cm - ' 1 ' was 
the oxygen -18 v^'of Al^O found previously. 15 The third was a very 
weak side band at 1012 .-2 cm \ Although the Al^O^ was nominally 70 
per cent enriched, the spectrum indicated only 35 per cent. There 
was no indication in this experiment of any absorption near the re- 
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ported AlgO value of 7l4 cm - -'-, 

In the next experiment the cell vas heated at 1750 K for five 
minutes. Approximately 7d moles were deposited at an isolation ratio 
in excess of 1000. The IR-7 spectrum, illustrated in Fig. 5..2-2a, 
shows two strong absorptions at 989-8 and 946. 8 cm - "*- along with se- 
veral side bands. These side bands corresponded to those seen by 
Linevsky in his heavier matrix deposits. There vas also a small band 
at 747.2 cm**-'- which shoved no oxygen isotopic effect and disappeared 
rapidly upon annealing. With diffusion, three weak absorptions grew 
in at 714.8, 700.0, and 689.4 cm - *" as shown in Fig. 5-2-2b. The 
first two corresponded to absorptions detected by Linevsky and as- 
signed as and v^for Al^O. However, this assignment was now un- 
tenable as a triplet clearly indicated two equivalent oxygens. Also, 
these bands were not observed until after a diffusion experiment, in- 
dicating that they were due to an association process in the matrix 
and not to a direct deposition. The IR-11 spectrum showed no absorp- 
tion near 500 cm"-*- where the AlgO Vg had been reported. 

In the third experiment the cell was heated to 1725 K, and ap- 
proximately lip moles were deposited at an isolation ratio of 600. 

The recorded spectrum is shown in Fig. 5.2-3 before diffusion and in 
Fig. 5-2-4 after several diffusions. Initially the two major absorp- 
tions at 9.89.9 and 947.0 cra"^ had several side bands. There was a 
peak at 747 cm - -*-, and again there was a triplet at Jlk.8, 699-8, and 
688.4 cm - -*. After several diffusions the triplet maintained its rela- 
tive size as the doublet drastically decreased in intensity. The 
IR-11 spectrum again showed no bands although it had a mechanical 
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failure during the experiment. The dry air purge was broken, causing 
a loss in energy and the appearance of large water bands. 

No other absorptions were seen during these experiments. The 
observed frequencies and their relative intensities are listed in 
Table 5.2-1. 

b ) Gallium Suboxide 

Gallium suboxide was isolated several times in argon ma- 
trices and once in nitrogen. In the first experiment, the sample of 
Ga plus enriched Ga^O^ was heated for 8 minutes at 1173 K to deposit 
3y moles of Ga^O in argon at a M/R ratio of 1500. The IR-7 showed 
two main absorptions, each of which was a doublet at 822.1, 8l8.1 
and at 781.3, 777.4 cm” 1 . The opiating of the v band in argon had 
been seen before for gallium, indium, and thallium suboxide and was 
expected. The two main peaks were the and v^'for Ga.^0 as pre- 
dicted. 13 The IR-11 spectrum, illustrated in Fig. 5.2-5, showed a 

' f 

triplet at 595.0, 579.5 and 567-5 cm -1 . After diffusion, the two 
main absorptions. Fig. 5.2-6, had definitely decreased in intensity 
while the triplet had increased. This indicated that the previously 
assigned v-^ 13 * 19 was incorrect and that this absorption belonged to 
another molecule. 

In the next experiment, 3p moles of Ga^O were isolated in ar- 
gon at a ratio of 5000. The spectrum, represented in Fig. 5.2-7, 
showed a triplet at 595*4, 579.4, and 568.1 cm -1 as before. After 
several diffusions an original doublet at 4l6.3 and 407.9 cm' 1 was 
seen to actually be a triplet with the third absorption at 396.0 cm -1 
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Table 5.2-1. Infrared Frequencies ( cm"’*' ) of Oxygen -l8 Enriched 
A1 2 0 in At (Exp. 3.). 



Absorptions a 

•y. 

Initial Intensities 0 

Diffusion 0 


689.0 

3 

I 

700.0 

10 

I 

714.8 

10 

I 

7 46.4 

5 

D 

935.5 

3 

D 

947.0 

80 

D 

955.U 

25 

D 

976.9 

30 

D 

989.8 

100 

D 

998.4 

45 

D 

1016.3 

17 

D 

1033.5 

10 

D 


a Accuracy considered better than ±1.0 cm - '*'. 

b Relative intensities all normalized to the most intense peak. 


c 


I denotes an increase upon matrix wanning, D a decrease, and R 
indicates that the intensity remained approximately constant. 
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thus indicating the assignment of Makowiecki was also incorrect. 

It vas possible that both triplets ve re from the same molecule as 
both grew upon diffusion. 

The same sample vas reheated and 7-7u moles of Ga^O were de- 
posited in a Ng matrix at a M/R ratio of 1500. A large doublet at 
808.0 and 767.7 cm"" 1 ", shown in Fig. 5-2-8, corresponded to and 
reported by Ogden 16 and Makowiecki . 1 3 5 1 y There was definitely a trip- 
let at 590.4, 574.7 and 567.8 cm -1 . However, it vas not until after 
diffusion, as shown in Fig. 5*2-9, that a triplet structure appeared 
with peaks at 425.3, U 16 . 5 , and 4o4.7 cm -1 -. The small absorptions at 
881.4 and 751-3 cm -1 were unassignable. The latter peak remained af- 
ter several diffusions. 

Additional experiments were undertaken with oxygen -18 en- 
richment of approximately 60 per cent. In Fig. 5-2-10 the spectrum 
is shown before diffusion. There was no doubt that and v ' were 

' f ^ 

a doublet. The triplet near 595 cm - ''" was detected, but no bands were 
seen near Ul5 cm' 1 , After diffusion, as illustrated in Fig. 5.2-11, 
the triplet at 595 cm -1 - had increased in intensity, a new weak trip- 
let was revealed around 415 cm' 1 , and the doublet had decreased 
in intensity. This doublet did not show the normal 4 cm -1 - splitting 
because it was recorded at the upper limits of the IR-11 , where some 
resolution is lost. 

A summary of the observed frequencies is found in Table 5.2-2. 
7he vibrational assignments of Makowiecki were definitely incorrect 
1 ' or the v. and v 0 modes of Ga 0. 


• 1 
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Table 5.2-2. Infrared Frequencies of Oxygen -18 Enriched Ga^O. 



Absorptions 3 

Initial Intensities^ 

Diffusion 0 


Ar Matrix 


322. 1 

100 

D 

8l8.1 

99 

D 

781.3 

72 

D 

777 .4 

62 

D 

595.0 

27 

I 

579.5 

19 

I 

567.5 

4 

I 

Ul6. 3 

4 

I 

407.9 

3 

I 

396.0 

1 

I 


II 2 Matrix 


„ 881.4 

3 

D 

808.0 

100 

D 

767.7 

67 

D 

751.3 

5 

R 

590.4 

75 

I 

574.7 

4i 

I 

562.8 

5 

I 

425.3 

26 

I 

4 16. 5 

11 

I 

4o4 .7 

1 

I 




Table 5-2-2. (Continued) 


a Accuracy considered better than ±1.0 cm - ^. 

b Relative intensities all normalized to the most intense peak. 

c I denotes an increase upon matrix warming, D a decrease, and 
R indicates that the intensity remained approximately constant. 
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c) Indium Gallium Suboxide 

It was reported previously 13 ’ 1 ^ that the molecule InGaO 
was produced as the predominant species when a mixture of In and 
Ga^s was heated. At that time a spectrum was reported for the mixed 
system. Therefore, an attempt was made to isolate this molecule with 
the enriched GagO^. Since In^O and Ga^O are also found in this re- 
action, it was possible to carry out several studies at the same time. 

The sample was heated to approximately 1280 K for ten minutes. 
The ratio of InGaO/In^O/Ga^O was calculated to be 1.0/0. 9/0. 3. A 
total of 2. 5y moles were deposited at a total isolation ratio of 
5000 in argon. The only discernable absorptions, shown in Fig. 5-2-12, 
were between 675 and 825 cm - - 1 , which is the region of the antisymme- 
tric stretching mode v of the three molecules. As seen with Ga,.0, 

3 2 ’ 

each absorption was split into a doublet apparently due to site split- 
ting in the argon matrix. The spectrum showed the for Ga^O at 820. 4 
and 8l6.7 cm - - 1 . The v " was discernab'le only as the side band at 
780.8 era - ' 1 . The for InGaO at 792.1 and 789 . 0 cm ^ corresponded 
with the at 752.3 and 7^8.0 cm ■*■. Likewise, the absorption of 
In^O was found at 739.8 and 732.7 cm -1 while the v-^ was located at 
700.7 and 69^.1 cm ^ . The only other discernable absorption was a 
small side band at 799.5 cm - - 1 . There was a general absorption from 
530-600 cm -1 which was one of the regions where bands were expected. 
Unfortunately , it was never possible to resolve any detail in this 
region, probably because of many overlapping peaks anticipated from 
the oxygen -18 substitution. Table 5-2-3 contains a list of absorp- 
tions, relative intensities and assignments. 



Abscrntion 



Fig. 5-2-12. 


Infrared Spectrum of 


18 


0 Enriched Ga^O, 


InGaO , 


and In^O in Ar. 
2 




82 


Table 5-2-3. Infrared Frequencies (cm“^) of Oxygen -18 Enriched 
Ga^O, InGaO, and In^O in Ar. 


Absorptions 3, 

Intensities^ 1 

Assignment' 

1 

820.4 

86 

U 3 Ga 2° 

816.7 

72 


799-5 

14 


792.1 

100 

InGaO 

789.0 

100 


780.8 

36 

v ' Ga 0 
3 2 

757.3 

21 

v ' InGaO 

748.0 

11 


739-8 

64 

v 3 In 2° 

732.7 

86 


700.7 

7 

V ln 2 0 

694.1 

9 



a Accuracy considered better than ±1.0 cm - \ 

b Relative intensities all normalized to the most intense peak, 

c All doublets treated as a single absorption for assignment. 




5.3 Additional Experiments and Review of Earlier Research 


a) Aluminum Suboxide Diffusion Study 

An experiment was carried out in an attempt to positively 
confirm that the 71*+ cm - -*- absorption was from a molecule forming in 
the matrix. A sample of A1 and AlgO^ vas hea ' te( i to 1?S0 K for 11 min- 
utes. A heavy AlgO deposit of 30 u moles was isolated in Ar at a ratio 
of 500. in Figs. 5.3-1, 5.3-2, and 5-3-3 the initial spectrum and two 
later diffusion spectra are shown. The 71*+. 6 cm - -*- absorption grew dra- 
matically as the one at 991.3 cm - - 1 - disappeared entirely. The small 
side bands near the Al^O remained almost to the end, indicating 
that they might also belong to some associated molecule. The 7*+9 cm -1 
absorption again diffused rapidly. Earlier it was shown to have no 
oxygen isotopic effect and was an unknown species. Table 5-3-1 lists 
the behavior of all absorptions upon diffusion. 

b) A New Look at the InGaO Svstera 

' ■ . ..... . . S I. M" . t 

The oxygen -18 data definitely proved that earlier assign- 
ments of v 1 and for the suboxides were incorrect, as these absorp- 
tions grew while the disappeared. Also, a triplet was detected in 
each case which indicated the presence of two equivalent oxygens. 
Therefore, it was interesting to reexamine previous spectra from the 
mixed molecule system studied by Makowiecki . 1 3 In Fig. 5»3-*+a is 
given the partial spectrum of 13u moles of the mixed system, deposited 
at 1273 K, and isolated in an Ar matrix with M/R = 9*+0. The. illus- 
trated region was reported to contain the v-^ for the three suboxide 
molecules in this system. After annealing and slight diffusion, as 











Fig. Partial Infrared Spectrum of InGaO System in Ar 

(a. He fere L'if fusion, b. After Diffusion). 
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Table 5.3-1. 

Infrared Frequencies (cm -M of Al^O in Ar. 


Absorptions 3, 

• Vi c 

Initial Intensities Diffusion 


71^.6 

5 

I 

749.3 

3 

D 

976.0 

19 

D 

991.3 

100 

D 

998.7 

2 6 

D 

1018.1 

4 

D 

1034.6 

3 

R 


a Accuracy considered better than ±1.0 cra“\ 

b Relative intensities all normalized to the most intense peak. 

c I denotes an increase upon matrix warming, D a decrease, and 
R indicates that the intensity remained approximately constant. 
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shown in Fig. 5.3-^b, there was an increase in definition in which 
several distinct absorptions now appeared. With further diffusion 
the intensities increased off scale, so that it was impossible to 
record the exact structure of the bands. 

Similarly, another experiment was performed in a nitrogen 
matrix. The sample was heated to 1235 K and 5u moles of suboxide 
were isolated at a ratio of l800. Again more absorptions were de- 
tected than would be expected from only three suboxide molecules as 
illustrated in Fig. 5.3-5- The instrument resolution for this ma- 
trix was slightly less than that for argon, but the same general 
features were apparent. 

Table 5-3-2 lists the absorptions for each experiment with 
their relative intensities. Since it was previously known that the 
modes were split into doublets by an argon matrix, the additional 
peaks were explained as matrix effects. However, this could not have 
been the case for IJ as no site splittings had been observed for the 
suboxides in this type of matrix. Therefore, the original assign- 
ments are in error and must be reevaluated in view of this investiga- 


tion. 
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Fig. 5-3-5. Partial Infrared Spectrum of InGaO System in N . 
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Table 

5.3-2. Infrared Frequencies 
500-610 cm - -*-. 

( cra'-M of the InGaO System From 


Ar 

Absorptions 8, 

“2 

Intensities^ 

Ar H 2 


5^7 .6 . 

538.5 

76 

50 

552.6 

511.3 

100 

100 

559.1 

550.5 

82 

75 

563.3 

556.8 

62 

38 

568.9 

561 .6 

92 

80 

572.8 


67 


595.0 


s 

O 


610.6 


19 


629.3 


8 



a Accuracy considered "better than ±1.0 cra“^. 

"b Relative intensities all normalized to the most intense peak. 


* * 




CHAPTER 6 


VIBRATIOIfAL ASSIG^SHTS A.1D STRUCTURAL ANALYSIS 

In a complete infrared analysis it is necessary to assign the 
observed frequencies to particular species. This is accomplished 
either by analogy with similar molecules or by a careful study of vi- 
brational intensities with a change in concentration. Also, monomer 
absorptions are usually separated from those of associated species by 
studying the effect of several diffusion experiments. These frequen- 
cies are then assigned to definite vibrational modes of each molecule 
for a normal coordinate analysis. In several of the systems investi- 
gated here only tentative assignments may be made without further 
isotopic investigations. 

6.1 Assignment of M + 0^ Frequencies 

The first reactions to be considered are those involving the 
matrix reaction of M with 0 2 « In each experiment several absorptions 
were observed. As was pointed out in Chapter 2 , the metal superoxide 
is expected to be the predominant species formed in these experiments. 
The isosceles triangle structure was found previously for the alkali 
metal superoxides and apparently is also found here. The basis for 
this conclusion is the observation of weak absorptions between 1116 
and 1080 cm -1 which disappear rapidly upon matrix warming. This 
spectral region is close to the estimated value of the vibrational 

frequency of 0 2 _1 at 1090 cm" 1 . 21 

20-23 

Although Andrews found several other species in the alkali 

metal reactions, such as the rhonbohedral M 2 0 2 , M-M-0-0, (M0 2 ) 2 , and 
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OgMOg, it is doubtful that these molecules would be detected in large 
quantities during these experiments because of the relatively high 
O^/M ratios and the short deposition times. However, the rhombohedral 
M^O^ molecule, which is apparently formed by diffusion of another 
metal into the MOg framework in such a way as to minimize any ionic 
repulsion, may be detected in the diffusion experiments since its ab- 
sorptions should grow slightly as more molecules are formed. 

The MOg species have three infrared active modes. The oxygen- 
oxygen stretching frequency, near 1090 cm - - 1 -, is the mode and is 
expected to be quite weak. The Vg and (symmetric and antisymme- 
tric) M-0 stretching modes are expected to occur at lower energies. 

The 'jg mode has been shown to have a slightly stronger intensity in 
the other systems, but either one may be at the lowest energy. Un- 
fortunately, the metals (Ga, Tl) are too heavy to give large isotopic 
shifts to help with molecular identification. Also, the absorptions 
are rather broad, which precludes any possibility of the small split- 
tings being observed. Therefore, isotopic oxygen data would be re- 
quired for a definite structural determination. 

a) Tl + 0 2 

The bands at 1082.1, *+32.9, *+28. 4, and 295«9 cm - - 1 - disap- 
peared rapidly upon matrix annealing. The doublet at *+32.9 and 
*+20. *+ cm'- 1 was probably only a single broad band, as it showed no 
definite splittings either before, during, or after annealing. The 
1082.1 peak was quite weak and near the known superoxide absorption 
value. It was assigned as the for TIO^. Likewise, both the ab- 



sorptions at **32. 9 and. 295-9 cm"-*- were from this same molecule. The 
latter value was chosen as Vg because of its strong relative inten- 
sity. The former, therefore, was assigned as The other two 

bands at 1022.0 and 1035 -T cm - "*- probably belong to the rhombohedral 
species , for they stayed fairly constant in intensity until 
just before the matrix was lost. This doublet might also arise from 
association of 0^ and M^O since they were detected in an experiment- 
in which MgO was present. No further assignments may be made at 
this time. 

b) In + O2 

The three bands at 1032.3, U 56 . U , and 332.2 cm - -*- disap- 
peared rapidly upon diffusion. They are therefore assigned to In0 2 . 

The 1082.3 cm - **- band was quite weak as in the thallium example and 
was assigned as v-^. The 332.2 and **56.** cm - '*' peaks were determined 
from intensity considerations and a similarity with the previous ex- 
ample to be Vg and respectively. The last absorption at 1006.0 cm" 
was similar to the doublet near 1025 cm - -*- in the thallium system. It 
was also observed in an experiment in which only a very weak band near. 
332 cm - -*- was detected, indicating that the 1006 cm - -*- peak was not an 
absorption of In02* No definite assignment can be made as to the ori- 
gin of this band. 

c) Ga + O2 

The Ga + 0 ^ reaction produced results slightly different 
from the two previous examples . Only two absorptions were detected 
and both disappeared rapidly upon annealing the matrix. The first at 
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1088 . k cm -1- was quite weak and apparently is the for GaOg. The 
second at 383.3 cm"-'- was fairly intense and appeared to he related 
to the 295-9 and 332.2 cm - - 1 - absorptions seen earlier. Therefore, it 
was assigned as the v^. The mode was not observed. An estimated 
value of U87 cm - - 1 - was made from central force field calculations to 
be discussed later in this chapter. 

d) A1 + 0 2 

The reaction of A1 + 0^ produced many peaks. However, the 
data were quite difficult to analyze since Al^O was present in the 
matrix during each experiment and was also reacting. Furthermore, 
the IR-11 was inoperable during these experiments which precluded any 
attempt to detect the expected lower lying A1C> 2 modes. The lll6.0 cm -1 - 
peak was apparently related to those near this value for the- other MO^ 
species and was assigned as the for AlC^. This same mode was de- 
tected at 1095.6 cm - - 1 - in N2 + 0g. In both experiments this absorp- 

* t 

tion disappeared immediately during all attempts at annealing the ma- 
trix. No other absorption disappeared as rapidly. The 686 cm" 1 - band 
remained fairly constant in intensity after initially growing and was 
probably from the bridged AlgOg molecule. The other absorptions were 
apparently related either to higher polymer species or to reactions 
of Al^O with A1 + 0^, but it was impossible to make positive identi- 
fications. The other two absorptions for AlO^ should be detected be- 
low 650 cm -1 - from comparison with the other systems. The A10^ mole- 
cule formed in this type of reaction was probably not the same as 
that observed mass spectrometrically which was assumed to be linear. 
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Table 6.1-1 summarizes the assignments for the absorptions from the 
M + reactions . 

6.2 Force Constants and Bond Angles for the Suneroxides 

An analysis was undertaken to determine the force constants, 
bond angles and internuclear distances for the superoxides. Although 
several possible potentials could be used, two were chosen because of 
the ring structure of the species. These are listed in Table 6.2-1 
along with the equations for the determination of the frequencies from 
the force constants and bond angles. The first is the simple central 
force field potential 58 for an XYg molecule. The second is a slightly 
simplified version of one given by Kohlrausch 58 for an XY^ ring struc- 
ture . 

Calculations were made for In0 2 and T10 2 using the central 
force field approximation. The results are listed in Table 6.2-2 
along with data from a similar calculation for Li0 o . It was found 
that with this potential the best relative agreement between calcu- 
lated and observed values for InC> 2 and TIO^ occurred near an O-M-O 
bond angle of 90° which would imply a relatively long 0-0 internu- 
clear distance. However, it must be remembered that the central force 
field calculations give relatively poor results for a bond angle de- 
termination. The Kohlrausch potential gave essentially the same re- 
sults since the potential is nearly the same. The force constants 
are only slightly changed by the additional bending constant, and 
again the bond angle data are inconclusive. The values of the force 
constants and internuclear separations for several molecules includ- 
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Table 6.1-1. Vibrational Assignments for the MO^ Molecules. 



Molecule 

V 1 

V 2 

V 3 



A10 

2 

1116.0 

(1095. 6) a 



GaO^ 

1088 . b 

383.3 


In0 2 

1082.3 

332.2 

U56.I4 

tio 2 

1082.1 

295.9 

U32.9 


a Nitrogen matrix. 


Table 6.2-1. Potential Functions Applied to the Group III A Super- 
oxides . 


Central Forces 8 - 

2 v - a n (Q i 2 + % Z) * a 33 V 


3 ' ”3 

X, + Xo = bv 2 (v. 


■ 2 M o sin 2 (a/2) 

) a n 



M o 

= 2 a 33 

+ a ll (1 

+ 2H o cos 2 

Ho 

n — 

0 

M m 


X-,Xp = 16-n 11 v 2 v 2 = 2 (l + 2 1^2.) cos 2 (a/2) a H a 33 

12 12 'V M 0 2 


Mixture of Valence and Central Forces c 
2 V = k x (0 a 2 + 0 £ 2 ) + k 2 Q 3 2 + k 6 6 2 
X^ = b-n 2 v, 2 = (l + 2 js sin 2 (a/2) )!li 


M 


m 
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Table 6.2-1. (Continued) 


X + X = 
1 2 


X j X 2 — l6n 


4tt 2 (v 2 + v 2) = ~ [k (1 
x a 

+ 2k r (l + 2 M o sin 2 (a/2) 


4 2 2_2r, . 2 14 i 

V 1 V 2 - m 2 L 1 + © J 

cos 2 (a/2) + 2k 0 k^ sin 2 


+ ^ cos^ (a/2))+ 2k 
“m 2 

) ] 

[k l k <S + k 2 k i 
(a/2) ] 


a G. Herzberg. Molecular Spectra and Molecular Structure II. Infra- 
red and Raman Snectra of Polyatomic Molecules , (D. Van ilostrand 
and Co., Princeton, N.J., 1945), p. 160. 

b K. W. Kohlrausch, Per Smekal-Rarmn-Ef fekt , (j. Springer, Berlin, 
1938), p. 65. 


Table 6.2-2. Force Constants of In and T1 Superoxides Under the 
Assumption of a Central 'Force <Field a and Modified 
Central Force Field 0 , 


Molecule 

Central 
Apex Angle 

(deg) 

Force Field 
a ll a 33 

o 

(m dynes/A) 

/ 2 . 
q (v 1 + 

Observed 

V 2 ) 

Calc . 

In0 2 

90 

1.72 

5.21 

77500 

77400 

Tl°2 

90 

1.63 

4.8l 

74100 

71100 

Li0 2 

90 

.66 

l4.i 

103508 

191715 

Li0 2 

45 b 

1.36 

4.03 

1O35O0 

97591 
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Table 6.2-2. (Continued) 



Modified 

Central Force 

Field 


Molecule 

Apex Angle 
(deg) 

k l 

k 2 

(m dynes/X) 

k S 

InOg 

90 

1.72 

5.02 

ON 

CVJ 

CvJ 

■no 2 

90 

1.6l 

14.96 

.81)4 


a G. Ilerzberg, Molecular Spectra and Molecular Structure II. Infra- 
red and Raman Spectra of Polyatomic Molecules , [d. Van Ilostrand 
and Co., Princeton, H. J. , 19^5) , p. l6oT 

b Experimental bond angle. 

c K. W. Kohlrausch, Per Snekal-Raman-fff fekt , (J. Springer, Berlin, 
1938) , p. 65 . “ ' 
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ing those calculated above for InOg and TIOg are listed in Table 6.2-3. 
The internuclear M-0 separations were determined from the appropriate 
Laurie-Herschbach 60 equation and from the trigonometric relationship 
r 0 _ Q = 2r M _ 0 sin (a/2) . (6.2-1) 

It is immediately obvious that the oxygen-oxygen internuclear 
distance is too great to support any significant bonding, although 
the force constants and the M-0 bond distances are apparently reason- 
able. Upon reexamining the normal coordinate data, the author noted 
that although the convergence is not satisfactory, the force constants 
and internuclear separations are more appropriate for an apex angle of 
U0° for InO^ and TIO^. These results are shown in Table 6.2-U. The 
force constants are still reasonable and there is much better agree- 
ment with known internuclear distances. 

In order to obtain a positive structural determination, oxygen 
isotopic data are required, but there is a great similarity between 
the superoxides of the alkali and group III A metals . The M-0 
stretching force constants for all the superoxides are slightly more 
than half that of the suboxides. The oxygen stretching mode is also 
slightly less than that of the isolated superoxide anion. The M-0 
bond distances are slightly elongated over those of the suboxides, as 
would be expected for a weakly bound molecule , and the internuclear 
oxygen distances are reasonable although slightly larger than expected 
for InOg. Therefore, the bonding for the group III A superoxides 
probably involves the metal cation bonded symmetrically to the super- 
oxide anion as was the case for the alkali metals. 


* * 
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Table 6.2-3. 

Metal-Oxygen and 
Bond Lengths. 

Oxygen Stretching Force 

Constants and 




Estimated 

- 

Molecule 

1 

0 

0 

"d 

0 

1 

0 

r M-0 or r 0-0 

Ref. 


(m dyne/X) 

(X) 

k/1 

ln 2 0 

2.67 

2.04 

a/a 

ti 2 o 

2.12 

2.19 

a/ a 

In0 2 

1.72 

2.18 

This work 

tio 2 

1.63 

2.29 

Tii is work 

LigO 

2.l4 

1.59 

b/b 

Li0 2 

1.18 

1.77 

b/b 

0 

ro 

+ 

16.0 

1.12 

b/b 

°2 

11.4 

1.20 

b/b • 

°2“ 

5.59 

1.33 

b/b 

Li0 2 

5.59 

1.33 

* # 

b/b 

In0 2 

5.21 

3.12 

This work 

tio 2 

4.81 

3.24 

This work 


a A. J. Hinchcliffe and J. S. Ogden, Chent. Comm. 18, 1053 (1969). 
b L. Andrews, J. Chem. Phys. 50_, 4288 (1969). 
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Table 6.2-4. Corrected Superoxide Force Constants and Bond Lengths. 


Molecule 

Apex Angle 
(deg) 

P M-0 or F 0-0 
(ra dyne/X) 

Estimated 

r,, -o °d) T ' 

InOg 

90 

1.72 

2.18 

In0 2 

4o 

1.90 

2.15 

tio 2 

90 

1.63 

2.29 

ti° 2 

4o 

1.73 

2.26 

°2~ 

- - 

5-59 

1.33 

In °2 

90 

5.21 

3.12 

In0 2 

4o 

2.67 

1.65 

tio 2 

90 

4.81 

3.24 • 

tio 2 

4o 

2.57 

1.32 
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6.3 Analysis for MjO in Ar + O2 

For all experiments in which the suboxide molecule was deposi- 
ted in the mixed matrices, the same frequencies were detected as 
those reported earlier by Makowiecki. 13 These modes are therefore 
not due to a reaction of free metal with oxygen. There was a slight 
shift of 2-5 cm'- 1 ' for the three modes, except in the case of aluminum, 
but this was relatively small considering the unusual matrix combina- 
tion. It was interesting that the reported and were shifted to 
lower energy and Vg to a higher value. The degree of change was found 
to be dependent upon the M^O rather than 0^ concentration. The reason 
for this is unknown , but it may be related to the distortion of the Ar 
matrix by both 0^ and M^O. Previous investigations 13 ’ 51 had shown 
that the modes observed in pure Ar are closest to the gas phase values. 
The degree of variance from these values was related to the molecular 
weight of the matrix gas. The mixture of 0^ and Ar was expected to 
shift the absorptions because of the change p.n the average molecular 
weight of the matrix gas. 

The mixed matrix provided an interesting insight into the 
site splitting (matrix effect) observed by Makowiecki for the mode 
of GagO, In^O, and Tl o 0. Curing the experiments reported here, each 
doublet became a single rounded absorption, although a CO^ peak was 
observed in the Tl^O experiments next to the band. It was noted 

that the single rounded peak was closest to the value, assigned by 
Makowiecki as the correct one, in all cases except Ga^O where the 
results were inconclusive. Apparently the oxygen molecule distorted 
the argon matrix in such a way that the second trapping site for the 



suboxide was no longer available. 


6,4. Assignment of °0 Suboxide Frequencies 

In the previous chapter it was shown that the assignments 
were correct for AlgO, Ga^O, In^O, and InGaO. This was demonstrated 
by the presence of only two absorptions when both Mg^O and Mg^O 
were in the same matrix. It was therefore possible to calculate the 
M-O-M bond angle for these suboxides and to compare them with the 
literature values. The results are listed in Table 6.4-1. The only 
major discrepancy with previous data was in the case of GagO where 
an angle near 125° was determined in both Ar and No matrices. The 
nature of this difference is unknown. However, it must be pointed 
out that the primary objective of these experiments was the investi- 
gation of the reported v-^ and Vg values. Therefore, relatively heavy 
suboxide deposits were employed which made the modes quite intense 
and difficult to measure to the required accuracy. The major impor- 

' f 

tance of these calculations was the verification of the bent structure 
for the suboxides because the previous isotopic data 16 had been 
questioned. 18 

The oxygen-l8 investigation did prove that the assignments 
for both AlgO and GagO and Vg for Ga^O were incorrect. The triplet 
structure representing ^0-^0, "^O-^O, and -*-®0-l®0 indicated the 
presence of two equivalent oxygens. Also, the diffusion studies in 
Sections 5.2 and 5-3 demonstrated that these modes grew dramatically 
upon diffusion at the expense of the suboxide Since it was 

shown earlier 13 that the and Vg frequencies for all the suboxides 
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Tulle 6.4-1. Bond Angles Calculated from Isotopic Data. 


Molecule 

V 3 

( cm -1 ) 

V 

( cm~l ) 

Bond Angle 
Calc . 

(deg) 

Lit . 
(deg) 

ai 2 o 

989.0 

947.8 

143 

l45 a 

Ga 0 

822.1 

781.3 

124 (I 26 ) b 

l43 c 

2 

( 808 . 0 ) b 

(767. 7 ) b 



IngO 

732.7 

69 h.l 

133 

135 c 

InGaO 

792.1 

752.3 




a M. J. Linevsky, D. White, and D. E. Mann, J. Chem. Phys . hi, 542 

(1964) . 

b Nitrogen matrix. 

c A. J. Hinchcliffe and J. S. Ogden, Chem. Comm. l8 , 1053 ( 1969 )* 




io6 


were related to the same type of molecule, these assignments must be 
considered to be from another type of molecule formed in each suboxide 
experiment. Therefore, all and assignments by Makowiecki for 
the suboxides are incorrect. 

An investigation was made to determine which molecules were 
responsible for the absorptions. The mass spectrometric results had 
indicated that no other parent species was present in the vapor phase 
to any appreciable extent. Therefore, the new molecule must be formed 
by an aggregation of species already present in the matrix. Of these, 
MpO and M were in a large predominance and should be the precursors . 
The triplet isotopic effect immediately made it possible to rule out 
any molecules of the MO type. The only possible species must be of 
the form M 0 where the oxygens are equivalent. In the previous sec- 

X ■ 

tion we have demonstrated that MOp could not possibly be responsible 
for such absorptions. The mass spectrometric results indicated that 
under certain conditions MO, M^Op, and M^Op are stable vapor spe- 
cies. It was possible to eliminate the first two molecules since a 
stable M-0 species would be required for diffusion. It has been 
shown that the M-0 concentration is below '5 x 10 ^ the suboxide 
value. Also, Tl-0 has never been detected as a stable monomer. 

There is also no reason to believe the suboxide dissociates to form 
the monoxide since a stable Tl^O solid exists at room temperature. 

The M, 0 molecule is the suboxide dimer. It was shown to exist in 

k 2 

the gas phase for the In^O system and it was found in an earlier in- 
vestigation in the TlpO system. 12 


Since the suboxide was the pre- 
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dominant vapor species, it was not unusual to expect dimer formation 
upon diffusion. The presence of the dimer before diffusion was un- 
expected, but is explained by the fast deposition rates employed 
which greatly increased the possibility of molecular interactions 
before reaching the matrix. No other molecules could be produced 
in sufficient concentrations in the matrix to account for the iso- 
topic data. 

A further attempt was made to locate the correct and Vg 
suboxide modes . Both the suboxide and matrix gas concentrations 
were varied over a wide range, but no absorptions were observed con- 
sistently. Therefore, values were estimated for these modes from a 
simple valence force calculation. 61 The results are listed in Ta- 
ble 6.4-2. The calculated for the TlgO does not correspond to the 
value reported by Brom et_ al. 18 but their data still may be question- 

•> O 

able because of the weak intensity of the " LO 0 v-^ mode. 

6.5. Structural Analysis of ' * 

The single mode for InGaO and the oxygen isotopic data 
clearly indicates that the suboxide molecules possess Cg v symmetry. 
The possibility remains that a weak bond also exists between the me- 
tals, but this is not the major concern. There is no evidence that 
one of the M-0 bonds is broken during dimer formation with a corres- 
ponding increase in the metal-metal bond strength. Consequently, 
only symmetric suboxide molecules should be available for dimer for- 
mation. The possible diner structures are illustrated in Fig. 6.5-1. 
In each example the oxygens are also equivalent as required by the 
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Table b.h-2. Estimated Vibrational Frequencies for the Ciroup III A 
Suboxides . 


Molecule 

Bond Angle 
(deg) 

V 3 

V 2 

( cm -1 ) 

V 1 

\ 

k a 

I 2 

(m dynes/A) 

A! 2 0 

ll* 5 b 

9S8 b 

367 

6ll 

3.8 

.38 ' 

Ga 2 0 

ll+3 c 

809 c 

219 

472 

3.1 

.31 

ln 2 0 

135^ 

722 c 

153 

451 

2.7 

• 27 

ti 2 o 

131 c 

625 c 

101 

hok 

2.1 

.21 


a kx estimated to be 0.1 k, . 

0 x 

b M. J. Linevsky, D. White, and D. E. Mann, J. Chem. Phys . Ul, 5^2 
(1964) . — 

c A. J. Hinchcliffe and J. S. Ogden, Chem. Comm. l8, 1053 (l9o9) • 
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isotopic data. 

The first structure may be ruled out immediately. Although a 
chain structure is not unusual, it is inconceivable that only a dimer 
would form. It should be equally probable that higher polymers would 
be present, but the infrared spectra do not indicate their presence 
even after extensive diffusion. 

The second model is similar to the one proposed for the tran- 
sition metal dihalides. 51 The bonding of the oxygen is somewhat 
questionable and preliminary normal coordinate calculations rule out 
this type of structure. 

The third possibility also involves unusual oxygen bonding, 
but the results of a T1 plus 0 2 reaction reported by Ogden 29 indi- 
cates that at least the 510 cm -1 band of Tl^C^ can be found by a non- 
dissociative reaction of metal witli enriched oxygen. However, simple 
calculations indicate that this structure is unlikely. 

The fourth proposed model may be close to the true structure. 
With this model there is no chance of higher polymer formation. The 
metal-metal bonding i's not unrealistic since similar bonding is pre- 
dicted for the suboxide molecules and all valencies can be satisfied 
with normal bonding. 

With further examination it was decided that this planar model 
was probably too restrictive. Therefore, the true structure is felt 
to lie between the fourth structure and the fifth which is an octahe- 
dral model with oxygen atoms at opposite ends of the major axis. 

This structure would allow for maximum metal-metal and metal-oxygen 
overlap. It was also seen that the third structure could be trans- 
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formed .into the last one if the terminal metals were flipped up on one 
end and down on the other. This would satisfy the requirements of the 
Ogden paper. 

For a non-linear molecule with six atoms, there are twelve vi- 
brational modes of which six are infrared active. In order to carry 
out a vibrational analysis, the model proposed by Ramsay 62 for the 
chair form of dioxane was employed. There are three Au and three Bu 
modes which are infrared active. The necessary equations are given 
in Appendix I. 

It was necessary to make several assumptions for the calcula- 
tions. The M-O-M bond angles were set at the values determined by 
the isotopic data and the M-0 internuclear distances were also taken 
from the literature. The M-M bond lengths were taken as slightly 
longer than that found in the pure metals . 1 3 The M-0 stretching 
force constants were taken from the literature and were varied by 
tenths of their value from 0.1 to l.'O. Similarly, the M-M force con- 
stants were varied from 8 x 10^ to i+.O x 10^ m dynes/X by units of 
8 x 10^. The bending force constants were chosen as 1/20 the sum 
of the stretching constants for the adjacent bonds. 

The results of the calculations are given in Table 6.5-1. The 
agreement is better for the heavier elements as might be expected 
since the aluminum suboxide was the most difficult to form and also 
has the shortest metal-oxygen bond lengths. This should make it dif- 
ficult for the four aluminums to be in a plane. The available iso- 
topic data are consistent with this type of structure, although the 
agreement could be better. The point group of this dimer is 



Table 6.5-1. Calculations for Group III A Metal Cuboxiuc Di:ncra. 


Molecule 

Frequencies 
Observed (cm - - 1 -) 

l6 °2 l8 °2 l6 °2 l8 °2 l6 °2 

Calculated 

l8 o 2 i6 o 2 

l8 0 2 

Bond 

Angle 

(deg) 

F M-0 F 0-0 
(m dynes/A) 

hw 

1 

O 

>0 

r M-M 

"U°2 

714.8 689.0 

503. o a 

748 

738 

508 

489 

l45 b 

1.53 c 

3.2 

1.66 b 

3.00 d 

Ga U°2 

595.0 567.5 

Ul6.3 

396.0 598 

572 

375 

358 

l43 e 

1.57 f 

3.2 

l.86 e 

2.50 d 

In 4°2 

555. l a 

4o4.3 a 

577 

547 

395 

374 

135 e 

1.66 s 

3-2 

2 .04 e 

3.4o d 

ti u o 2 

510. l a 

381. 5 a 

504 

477 

372 

352 

131 e 

1.35 h 

4.0 

2.19 e 

3.50 d 


a 

b 


c 


d 
e . 
f 

S 

h 


D. M. Makowiecki , D. A. 
M. J. Linevsky, D. White 


= 0.4 x F 


“ M-0 
Estimated. 


AlgO' 


A. J. Ilinchcliffe and J. 


F M-0 " 0,5 x ^agO’ 
? M-0 = °- 6 x F ln 2 0’ 

f m-o °' 6 x F T1 2 0* 


Lynch, Jr., and K. D. Carlson, J. Phys. Chem. 75, 1963 (1971). 
, and D. E. Mann, J. Chem. Phys. 4l_, 542 (1964). 


S. Ogden, Chem. Comm. l8 , 1053 (1969)- 
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which would not allow doubly excited overtone bands. However, since 
these inodes have been observed previously, 13 one concludes that the 
actual structure is distorted from this symmetry type. 

There were several absorptions between 500 and 6l0 cm - - 1 for 
the InGaO system. Seven structures are possible for the C2^ structure, 
as shown in Fig. 6.5-2. However, the relative intensities do not 
agree with what was predicted. This discrepancy could not be accounted 
for, and no other structures could be found 'which would give the ob- 
served splittings. There must be several trapping sites or some other 
matrix perturbation occurring, such as a structural distortion, which • 
produces this variance. 

The proposed model gives excellent agreement with the experi- 
mental frequencies. While a more sophisticated potential should give 
an even better correlation, the dimer structure has been shown to 
have a three dimensional distorted octahedral structure. The three 
dimensional treatment of a dimer molecule in a matrix is unusual, but 
merits an even closer consideration for the suboxide molecules. 




//£" . • 

CHAPTER T 

DISCUSSION OF THE RESULTS 

The experiments and analyses in the previous chapters have pro- 
vided a variety of new and interesting information concerning the 
group III A metal oxides. Three independent investigations gave cor- 
roborating evidence for the conclusions reached in the last chapter. 

During the mass spectrometric study several new molecules, in- 
cluding Al^Og, Ga^O, In 0, In^Og, InTaO, InTaO^, and In^UO^ , were dis- 
covered in low concentrations. The In^O^ molecule is the dimer of the 
suboxide, and it was important to considerations in the present inves- 
tigations. It was also shown that the stable M-0 species did not 
exist in the vapor phase above the metal and metal sesquioxide except 
for the aluminum system where it was found in very low concentrations. 

Similarly, it was determined that the group III A metals do re- 
act with CL, in an inert matrix to form the metal superoxide with C 2v 
symmetry. The three vibrational modes were detected for InO^ and 
TIO^ in which v q > v 3 > v p* '^ ie were incomplete for AlO^ and 

GaOg. Each molecule was found to have one absorption near that of 
an isolated 0 o ~" 1 ' species. This indicated that the bonding was highly 
ionic. The molecule may be considered as a metal cation bonded to 
the superoxide anion by Coulorabic forces. It was difficult to deter- 
mine an apex angle since the central force field approximation is un- 
reliable for obtaining this information. However, in consideration 
of the force constants and internuclear separations , an O-M-O angle 
of ~U0° was chosen for both InO^ and TIO^. It would be necessary to 
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perform reactions with enriched 0^ to verify the angles and force con- 
stants . 

The results of the metal reaction experiments were useful in 
analyzing the isotopic study of the suboxides. Here, the modes 
were verified as belonging to the suboxides, and bond angles were 
calculated and found to be in agreement with the literature values 
for Al o 0 and In^O. There was an unexplainable but consistent dis- 
crepancy for Ga^O. 

The previously assigned and V 2 modes for A^O and GagO were 
found to be absorptions from another species which formed upon diffu- 
sion and had two equivalent oxygens. Further attempts at determining 
the and V 2 modes for the suboxides were unsuccessful and it was 
possible only to estimate their values. With the aid of the mass 
spectrometric and superoxide investigation, it was determined that 
the suboxide dimer was being formed in the matrix and was re- 

sponsible for the two unassigned bands in each system. This was veri- 
fication of the report of Brom et_ al. * 3 on Tl^O and the recent con- 
jecture of Knight and Weltner 39 for the Al^O system. During the final 
preparation of this thesis, a note by Hinchcliffe and Ogden 63 was pub- 
lished. These authors had investigated the Ga^O and In^O systems and ■ 
had drawn the same conclusion, as reported here, that the two absorp- 
tions found by Makowiecki were from the dimer. Their isotopic 

data for (Ga^^O^ are equivalent to that reported in Chapter 5. 

*i O 

Their (in^ O 0)2 data are consistent with the values calculated in 
Chapter 6. None of the above authors made a prediction of the dimer 


structure. 
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APPENDIX 1 


EQUATIONS FOR M. 0 VIBRATIONS 

4 2 


This appendix presents the details of the method used to corre- 
late the experimentally determined vibrational frequencies for M^Og 
with force constants and structural parameters. The method was adapted 
from that of Ramsay 62 for an analysis of dioxane. 

The vibrational equations for the Cg^ configuration of Mi Og have 
been obtained using the vector method applied previously to the chair 
configuration of the dioxane molecule. The dimer molecule was treated 
as six mass points situated at the vertices of a puckered hexagon as 
illustrated in Fig. A. 1-1. All bond angles were assumed to be equal 
for ease of calculation. A simple valence force field was applied to 
the molecule with the potential energy V expressed by the equation 

(A. 1-1. ) 


2 V = ? k. q? + 5 c. a. 2 
ij ij i i l 


where q is the change in the bond length s.y and c.. is the change in 
the bond angle y^. 

The normal vibrations , obtained by using symmetry relations and 
the property that all normal vibrations must be mutually orthogonal, 
and the symmetry co-ordinates are illustrated in the text by Ramsay. 62 
The following abbreviations were made to simplify the equations: 


c = cos y, s = sin y, M = — + ^ 


m. 


m b 


L = i 
1 m 


a s. 


, l 2 = 1 


Hit. 


T — 1 f , — 1 

, 


2 ’ 3 mb Sb 2 


ra b s a s b 


M, = 2s d l 


a 2 » 


Mg = 1/2 cMj^ , M 3 = -sL lSa , 


M 4 = " sL 2 s a * 


M_ = M + cL, s 


J o 

. a 


Mg = M-cL lS| 


My = -l/2s(Lj + 1^)3 
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0 



Definitions: 

m Q = mass of 0 atom 

CL 

= mass of M atom 
s & = length of M-0 bond 
s^ = length of M-M bond 
k & = stretching constant of M-0 bond 
k^ = stretching constant of M-M bond 
c Q = deformation constant of M-O-M bond angle 
c^j = deformation constant of O-M-M bond angle 


Fig. A. 1-1. ^^ mer structure. 
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Hq = l/2s (iy-L^) s a , M 9 = M 7 -sL 1( s a , M 1q = Mg-sL^ s a , 

M 11 = 2 (l_c) L l + 2L 2 » M 12 = (2L 1 + L 2 + V + 1/2 C ( L i~ 2 V ’ ' 

M 13 = ~ 1/2 (L 1 + L 2 + 2L h " CL 1 ) ’ M ll+ = M 12 - (2 + c) L i > 

M 15 = M 13 + (2 + c) L U » M l6 = M lU + 2 ( l 3 “ C V » 

M 17 = M i 6 + (2 + c) . 

The symmetry co-ordinates were substituted into the equations of 
motion and the vibration equations were obtained. These may be ex- 
pressed in the determinantal form as follows: 


Class 

V 

(k a M 5 - v 2 ) 

V 5 2 

c a M 3 

c b M 8 



2k a M 2 

(k b M x - v 2 ) 

~ c a M 4 

2c b M U 



2k a M 3 

- k b M U 

(c a M ll" v2) 

2c b M 15 



k a M 8 

k b M U 

c a M 15 

( c b M 12 

Class 


(k a M 6 - v 2 ) 

k b M 2 

C A 




2k a M 2 

(k b M x - v 2 ) 

2c b M 4 




k a^V 

k b M 4 

( c b M l4’ v2 ) 


Class 

V 

(k a M 6 - v 2 ) 

c b M 9 





k a M 9 

(c b M l6 - v2) 



Class 

V 

(kali - v 2 ) 
a ? 

C a M 3 

c b M 10 




2 k a aM 3 

(c a Mii - v 2 ) 

2c b M 13 




k a aM lO 

c a M 13 

(c b M i 7 -v 2 ) 



The A.. and B., modes are infrared active and the A_ and B_ modes 
u “ g g 

are Raman active. 
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APPENDIX 2 


THERMODYNAMIC FUNCTIONS FOR TWO 
GROUP III A METAL SUPEROXIDES 

Thermodynamic functions are tabulated in Tables A. 2-1 and A. 2-2 
for the ideal gaseous molecules InOg and TIOg. These properties were 
calculated from statistical mechanical equations given by Stull and 
Prophet 64 with the use of molecular parameters based on this research 
and other sources as given in Section 6.3. The twofold degeneracy 
appropriate to the unpaired electron spin has been included in the 
entropy and free energy functions. It is assumed that there are no 
excited electronic states at sufficiently low energy to contribute 
significantly. • 



122 


Table A. 2-1. Thermodynamic Functions for In0 o 


InO^ Ideal triatomic gas 
Molecular weight 1*46.8181 gm/mole 
Point group C2 V a = 2 

Vibrational Frequencies and Degeneracies (cm~d) 

1082.3 (1) 

332.2 (1) 

U56.U (1) 

Internuclear distances In-0 = 2.15 A 

and angles ^ O-In-O = k0° 


Moments of inertia 


16.959 x 10-39 gm cm^ 
2.873 x 10“39 gm cm 2 
19.833 x 10“39 gm cm^ 


T(K) 

(deg) 


Il T n 0 
(cal/mole) 

8.05 
8.69 
9.35 
9.92 
10.38 
10.76 
11.07 
11.33 
11.55 
11.73 ' 
12.35 
12.70 


(cal/mole deg) 

56.07 

6*1.147 

66.73 

70.1*4 

72.86 

75.16 

77.16 
78.91 
80. *47 

81.89 

87.39 

91.35 


-(G§ - Hq ) /T 
(cal/mole deg) 

*>8.03 • 
53.78 
57.38 
60 , 21 
62. *48 
6*1. *40 

66.09 

67.58 

68.93 

70.16 

75.0*4 

78.65 
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Table A. 2-2. Thermodynamic Functions for TIOg 


TIOg Ideal tri atomic gas 
Molecular weight 236.88 gm/mole 
Point group Cg v a = 2 

Vibrational Frequencies and Degeneracies (cm~^) 


1082.1 (l) 

295.9 (1) 

432.9 (1) 


- o 

Internuclear distances Tl-0 = 2.26 A 

and angles $ 0-T1-0 = 40° 


Moments of inertia 1^ = 20.718 x 10"89 gm cm 2 

Ig = 3.174 x 10“89 gm cm 2 

I c = 23.892 x 10~89 gm cnl 2 


T(K) 

(deg) 

,«? - H 8 , 
( cal/ mole ) 

qO 

(cal /mole deg) 

“(Gm - ! 

( cal/mol 

100 

8.09 

58.04 

49.95 

200 

8.81 

64.58 

55.77 

298.15 

9.49 

68.91 

59.42 

400 

10.05 

72.34 

62.29 

500 

10.50 

75.08 

64 . 58 

600 

10 . 86 

77.39 

66.53 

700 

11.16 

79 . 39 

68.23 

800 

11.41 

81.15 

69.73 

900 

11.62 

82.71 

71.09 

1000 

11.80 

84.13 

72.32 

1500 

12.40 

89.64 

77.24 

2000 

12.74 

93.59 

80.85 
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